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This research work was designed to investigate the effects of thermal rearrangement 
temperature, purge environment and precursor structure on thermal conversion of ortho-
functional polymers to polybenzoxazole (PBO). The physicochemical properties of the 
films before and after thermal rearrangement were studied by thoroughly characterizing 
the membrane chemical structure changes, thermal transitions, mechanical properties and 
physical properties. Various characterization techniques including elemental analysis, 
TGA, TGA-IR, DSC, GPC, ATR-FTIR, XPS, XRD and Positron Annihilation Lifetime 
Spectroscopy (PALS) were applied. The films have been used for gas separation. The gas 
permeability and selectivity are presented for comparison. 
 
Thermal rearrangement temperature is a key process parameter. Its effects were examined 
by thermally rearranging poly(hydroxyamide amic acid) (PHAA) and polyhydroxyamide 
(PHA) films at elevated temperatures up to 450 C. The thermally induced structure 
alteration and polymer chain rearrangement of PHAA derived from 2,2-bis(3-amino-4-
hydroxyphenyl)hexafluropropane (BisAPAF) and trimellitic anhydride chloride (TAC) 
were firstly examined by treating the pristine PHAA films at different temperatures in the 
temperature range of 200 C to 400 C for 2 h. Owing to the bi-functionality of PHAA, 
stepwise thermal rearrangement takes place. At a temperature lower than 300 C, the 
PHAA structure transforms to poly(imide benzoxazole) (PIBO); at a temperature higher 
than 300 C, the PIBO structure is converted to PBO. The XPS analyses show that the 
degree of conversion towards PBO structure increases with the increase of thermal 
rearrangement temperature. A high conversion of about 90 % has been attained in the 
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PHAA film treated at 400 C. Following the chemical structure changes, physical 
properties of the films and gas transport properties also show the stepwise changes. The 
significant increase of gas permeability is well correlated to the increase of polymer inter-
chain distance and the enlargement of the free volume radius.  Besides the degree of 
conversion, high treatment temperature also introduces other changes that could influence 
the gas permeation properties. The PHA films were thermally rearranged at different 
temperatures from 300 C to 450 C. ATR-FTIR and XPS results show that the PHA 
films can be cyclized to PBO with a similar conversion degree of around 90% at any 
temperature above 300 C; however, the gas permeability increases significantly in the 
film cyclized at higher temperature. Analyses based on membrane physical properties and 
glass transitions prove that the aforementioned phenomenon is attributed to the different 
thermal history and the different degrees of thermal crosslinking reaction occurred 
simultaneously to the thermal conversion of PHA towards PBO. 
 
The effects of nitrogen and air purge during thermal rearrangement of an ortho-functional 
polyamide (o-PA) and an ortho-functional polyimide (o-PI) towards PBO structure have 
been investigated. The o-PA polymer was prepared from BisAPAF and 4,4‘-biphenyl-
dicarbonyl chloride (BPDC) while the o-PI polymer was derived from 4,4-(hexafluoro-
isopropylidene) diphthalic anhydride (6FDA) and 3,3‘-dihydroxybenzidine (HAB). 
Experimental results show that the purge environment for the conditions used does not 
affect the thermal rearrangement of the o-PA film but significantly affects the thermal 
conversion of the o-PI film. Nearly identical chemical structures and pure gas 
permeability values are observed for o-PA films thermally treated at 300 C under air or 
xiv 
 
N2. The o-PI film was thermally rearranged at 425 C because its thermal conversion 
takes place at a higher temperature range of 300-450 C. The o-PI film thermally 
rearranged in air exhibits improved gas permeation properties but significantly 
deteriorated mechanical properties. The air purge interrupts the thermal conversion of the 
ortho-functional imide to benzoxazole by oxidatively degrading the imide structure and 
forming the imine structure. As a result, both polymer structure and film properties 
change. 
 
In the last part of this study, the precursor structure was also designed for improved gas 
separation properties. A series of cardo-copoly(hydroxyimide) have been synthesized by 
polycondensation of 6FDA with various molar ratios of two different bisaminophenols: 
3,3‘-dihydroxybenzidine (non-cardo) and 9,9-bis(3-amino-4-hydroxyphenyl)fluorene 
(cardo). It is found that the incorporation of cardo group has increased the gas 
permeability significantly. Thermally rearranged copolybenzoxazole membrane with the 
addition of 10 mol% of cardo moiety has shown the largest enhancement in gas 
permeability. As compared to the CO2 permeability in the non-cardo PBO, an increment 
of five times in CO2 permeability has been achieved. The excellent features of the cardo-
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1.1 Membranes for gas separation 
A brief but complete definition of ‗membrane‘ describes it as [1]: 
‘a phase or a group of phases that lies between two different phases, which is physically 
and/or chemically distinctive from both of them and which, due to its properties and the 
force field applied, is able to control the mass transport between these phases.’  
 
After continuous efforts made in the last centuries, membrane science and technology 
now has become one of the integrated subjects among separation and purification 
technologies. Membranes as a selective barrier have been used in many fields such as 
water purification, liquid-liquid separation, chiral molecules separation, gas separation 
and so on. Among these applications, membranes for gas separation are still a young 
topic. Currently, the studies on gas separation membranes mainly focus on H2 
purification [2, 3], CO2 capture [4, 5], natural gas sweetening [6, 7], ammonia production, 
N2 enrichment from air and hydrocarbon recovery [8-10], etc. 
 
The first published study on membranes for gas separation dates back to 1866 when Sir T. 
Graham measured the permeation rates of gases and proposed what is sometimes called 
Graham‘s law of diffusion [11]. In 1879, based on the Graham‘s model, S. von 
Wroblewski defined the permeability coefficient as the quantitative measurement for gas 
permeation rates in a membrane [12]. The foundation of the model theories for gas 
transport in a membrane were well established by Barrer [13], Lonsdale [14], Stern [15], 
Meares [16] and Paul [17], after Fick proposed his laws to describe diffusion phenomena 
[18]. In 1950s, attributed to the invention of the semicrystalline polyolefins and their 
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application in packaging industry, the measurement to permeation rate of a film became 
of paramount importance. This greatly stimulated the research interests in the fields of 
gas transport phenomena and membrane material design. The discovery of asymmetric 
membranes by Loeb and Sourirajan in the 1960s made the commercialization of 
membrane technology possible [19]. Later, Henis and Tripodi fabricated the first gas 
separation membrane PRISM
®
 for industrial use by coating a very thin layer of a highly 
permeable polymer on top of an asymmetric hollow fiber membrane substrate [20]. Up to 
now, many materials have been fabricated into hollow fibers modules or spiral-wound 
modules for different gas separation processes. Cellulose acetate, polyimide and 
polysulfone are popularly used materials owing to their low cost and/or good stability. 
 
1.2 Highly permeable polymer membranes for gas separation 
Many materials could be made into a membrane. Ceramic and zeolite, carbon, metal and 
polymer are the four major types of gas separation membrane materials. Since polymers 
are of low cost and exhibit feasible processability as compared to other materials, many 
polymers have been introduced and attempted for gas separation since 1970s. However, 
polymer materials usually show low permeability, which limits their application. 
 
The current research on membrane materials is no longer confined to barrier properties of 
a polymer membrane. A membrane with high permeability and reasonable selectivity is 
desired in most of the refinery and related industries, because the higher permeation rate 





Polymers like polydimethylsiloxane (PDMS), polyethylene glycol (PEG), polyionic 
liquid represent highly permeable rubbery polymers. In addition, these membranes do not 
age over time. However, their weak mechanical properties and poor thermal stability are 
always a concern for industrial scale-up. In terms of stability, glassy polymers outperform 
rubbery materials. Therefore, in recent years, many glassy materials with improved gas 
separation performance have been introduced. Masuda et al. [23] reported on the 
formation of substituted polyacetylenes, e.g., poly[l-(trimethylsily1)-1-propyne] 
(PTMSP) by using metal halides as the catalyst. This material was found to be ultra 
permeable to all gases, but at the cost of low selectivity. Budd et al. [24, 25] introduced a 
category of materials named polymers of intrinsic porosity (PIM) by incorporating a rigid 
ladder structure with contortion sites into the polymer backbone. The contortion caused 
by the spiro-center strongly inhibited the regular alignment of polymer chains. As a 
result, the fractional free volume (FFV) of the film is very high, leading to the very high 
gas permeability. Among various PIMs reported to date, the PIM-1 polymer derived from 
5,5‘,6,6‘-tetrahydroxy-3,3,3‘,3‘-tetramethyl-1,1‘-spirobisindane and 1,4-dicyanotetra-
fluorobenzene has shown excellent gas permeation properties but its selectivity is 
relatively low [26]. Polyimides are another category of polymers that have been widely 
investigated, especially with a focus on structure-property relationships [6, 27-33]. 
Among the polyimides investigated, the one based on 4,4‘-(hexafluoroisopropylidene) 
diphthalic anhydride (6FDA) shows similar high gas permeability but low selectivity [32, 




As seen, the high permeability usually trades off with the selectivity in a polymeric 
membrane. Thus, the development of new materials with reasonable selectivity while 
remaining the high permeability still needs continuous effort.  
 
1.3 Thermally rearranged polymeric membranes 
As a new category of polymers with microporosity, thermally rearranged (TR) polymers 
have greatly stimulated the research interests in the fields of polymer science and 
technology [36, 37]. TR polymer films are obtained by thermally cyclizing the ortho-
positioned aromatic precursor at a temperature above 300 C under vacuum or nitrogen 
purging condition. During thermal cyclization, the ortho-positioned group reacts with the 
aromatic ring, which finally results in a more rigid heterocyclic structure. Depending on 
the functional group at the ortho-position (-OH, -SH or -NH2), the resultant thermally 
rearranged structures can be in the form of polybenzoxazoles (PBO), polybenzothiazoles 
(PBT) or polypyrrolones (PPL) [36]. 
 
The resultant insoluble heterocyclic membranes are of good thermal resistance, strong 
chemical resistance, high modulus and strength, low flammability, low water absorption 
and low dielectric constant [38-41]. Thus, they are used widely in microelectronic 
devices [42] and semiconductor industry [43-45]. 
 
Recently, Park et al. declared another attractive application of these TR polymers [37].  
By thermally rearranging the solid film derived from 2,2-bis(3-amino-4-hydroxyphenyl)-
hexafluropropane (BisAPAF) and 4,4-(hexafluoroisopropylidene) diphthalic anhydride 
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(6FDA) at a temperature higher than 400 C, the resultant TR films have shown superior 
gas separation performance of CO2 permeability at ~2000 Barrers and CO2/CH4 
permselectivity of 45 [37]. As compared to the pristine polyimide film, the gas 
permeability of TR films increased by around hundred folds, while there is a minor 
decrease in selectivity. It is proposed that the high free volume nature of the TR polymers 
is the cause of the sudden raise in permeability, while the rigid-rod benzoxazole structure 
and the proposed hourglass-shaped cavities formed during structure rearrangement 
contribute to the relatively stable selectivity.  
 
1.4 Research objectives and organization of this dissertation 
The TR polymer membrane has become a promising candidate for future applications in 
the industrial gas separation processes owing to its remarkable gas separation 
performance. However, besides the aforementioned, there is limited research performed 
to explore the various factors that may influence thermal rearrangement and the 
properties of the resultant films. 
 
In this work, we systematically investigated the effect of three factors: thermal 
rearrangement temperature, purge environment and TR precursor structure, on thermal 
rearrangement process. The chemical structure changes, polymer physicochemical 
properties and gas separation performance of the thermally rearranged films are the major 
aspects explored. The effect of thermal arrangement temperature was studied by focusing 
on degree of chemical structure conversion, film thermal history and the possible thermal 
crosslinking mechanism. Two purge atmospheres, N2 and air, for thermal rearrangement 
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were compared by using different TR precursor polymers. The design of TR precursor 
structure was also attempted so as to improve the separation performance of the available 
TR membranes. 
 
Precursors with different functionalities, including poly(hydroxyamide amic acid) 
(PHAA), polyhydroxyamide (PHA) or ortho-functional polyamide (o-PA) and ortho-
functional polyimide (o-PI) were selected for different objectives. PHAA comprises both 
hydroxyamide and hydroxy(amic acid); thus, its stepwise thermal conversion attained by 
varying thermal rearrangement temperature is of the interest. The high-temperature 
treatment could cause many other effects besides the different degrees of conversion. 
Thus, subsequently, PHA was chosen in view of the much lower thermal rearrangement 
temperature. We designed the experiment to convert PHA for the similar degree at 
elevated temperature. The effects of thermal history and possible thermal crosslinking 
reaction on gas transport properties in the resultant films were explored. The TR films 
reported in the literature are usually obtained under inert atmosphere, which results in 
additional cost for membrane fabrication. In order to examine whether air could be used 
in the TR process, two different purge environments (nitrogen versus air) were applied to 
treat the o-PA and o-PI films. The feasibility of conducting thermal rearrangement in air 
was evaluated. Additionally, precursor structure design by incorporating rigid planar 
cardo moiety into polymer backbone via copolymerization was also conducted to 
improve gas separation performance. Various characterization techniques including 
elemental analysis, TGA, TGA-IR, DSC, ATR-FTIR, XPS, XRD, DMA and Positron 
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Annihilation Lifetime Spectroscopy (PALS) have been utilized to thoroughly examine 
the evolution of the polymer properties during thermal rearrangement. 
 
This dissertation is divided into eight chapters. Chapter 1 gives a brief introduction on 
membrane technology, highly permeable membrane materials and thermally rearranged 
polymer membranes. Chapter 2 presents the background on the fundamentals of gas 
transport phenomena in a film and the literature review about thermally rearranged 
polymers. Chapter 3 describes the details about materials used and experimental 
procedures. The investigation on poly(hydroxyamide amic acid) as the TR precursor was 
presented in Chapter 4. Chapter 5 explores the thermal rearrangement of 
polyhydroxyamide and the effect of thermal history and thermal crosslinking are 
illustrated with sufficient evidences from characterization. Chapter 6 studies the effect of 
purge environment. The thermal transitions, structure changes, mechanical properties and 
gas permeation properties of the films were compared. In Chapter 7, the success of 
improving gas permeation properties by incorporating cardo moieties in polymer 
backbone was reported. The enlargement of fractional free volume was closely associated 
to the increase of permeability. Lastly, Chapter 8 summarizes the whole dissertation by 
giving conclusions. Recommendations for future work will also be presented. 
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2.1 Solution-diffusion model 
The solution-diffusion model is well accepted to describe the permeation of gas 
molecules through a dense polymer film. According to this model, the gas molecules 
firstly dissolve/sorb into the membrane. Subsequently, the gas molecules diffuse through 
the membrane driven by a concentration gradient. Finally, the gas molecules desorb at the 
other side the membrane and diffuse into the bulk [1]. Therefore, the separation of a gas 
mixture is determined by both solubility of a gas in a membrane and diffusion rate at 




Figure 2.1: Schematic of the solution-diffusion process. (p1 and p2 is the gas pressure at 
the upstream and downstream of the film, respectively; C1 and C2 represent the gas 
concentration at the two sides of the film.) 
 




   
                          (2.1) 




where N is the flux of a gas, D is the diffusion coefficient of a gas in the membrane, 
dC/dx is the concentration gradient of a gas cross the membrane. 
 






                                     (2.2) 
where C1 and C2 are the gas concentrations at the respective upstream surface and 
downstream surface of a membrane and l is the membrane thickness. 
 
At the early stage of gas permeation measurement, it was observed that the gas flux is 






                                                      (2.3) 
where p is the tran-membrane pressure gradient and l is the membrane thickness. 
 














                             (2.4) 
where p1 and p2 are the partial pressure of a gas at the membrane upstream surface and 
downstream surface, respectively. 
 








DP                (2.5)
 
 
The solubility of a gas in a membrane at equilibrium is defined as the ratio of 
concentration to pressure, 
p
C
S                               (2.6) 
 
When this equation is applied to Eq. 2.5,  
DSP                      (2.7) 
where S is the solubility coefficient evaluated at the upstream surface of a membrane 
while D is the average diffusivity coefficient of a gas across a membrane. Thus, P is 
dependent on two factors: S and D. 
 
2.2 Dual-mode sorption model 
Equilibrium gas sorption in a glassy polymer at a temperature below its glass transition 
temperature is widely described by the dual-mode sorption model [2-4]. It is proposed 
that two concurrent mechanisms, dissolution and hole-filling, occur simultaneously in gas 
sorption process [4, 5]. The dissolution follows the Henry‘s law and occurs in the so-
called Henry sites which consist of the densified regions of the polymer. However, the 
hole-filling process follows the Langmuir isotherm and saturates the Langmuir sites 
formed by the microvoids or the excess free volume generated from the polymer chain 
packing defects. The overall sorption is illustrated as a sum of Henry dissolution (CD) and 























                                    (2.8b) 
where kD is the Henry‘s law dissolution coefficient in cc(STP)/cc polymer atm, b 
represents the Langmuir affinity constant in atm
-1 and C’H denotes the Langmuir capacity 
constant in cc(STP)/cc polymer, which measures the sorption capability in the unrelaxed 
free volume. 
 
2.3 Precursors for thermal rearrangement 
Thermally rearranged (TR) polymers can be obtained from an ortho-functional 
polyamide (o-PA) or an ortho-functional polyimide (o-PI). Upon thermal rearrangement, 
these ortho-functional polymers undergo structure changes via a cyclodehydration 
reaction or a cyclodecarboxylation reaction and as a result, an aromatic heterocyclic 
structure will be generated. 
 
In 1960s, Braz et al. and Moyer et al. reported the conversion of a polyhydroxyamide 
(PHA) to a polybenzoxazole (PBO) via thermal cyclodehydration reaction [6, 7]. At a 
treatment temperature around 250 C, the solid-state hydroxyamide is cyclized to a 
benzoxazole ring by releasing water molecules. The general reaction scheme for the 












Figure 2.2: Reaction mechanism for thermal conversion of hydroxyamide to benzoxazole 
[6]. 
 
Before the discovery of this facile approach, the heterocyclic polymers like PBO were 
usually obtained by the solution condensation of a carboxylic acid or the derivative 
structure with an o-aminophenol [6, 8-10]. However, since the reaction only took place at 
a high temperature (200 C) in acidic solvents like polyphosphorous acid, the synthesis 
and process of benzoxazole-based materials was very limited until the introduction of the 
solid-state thermal conversion. PHA as the precursor provides good solubility in most 
solvents, which greatly simplifies the industrial process to produce PBOs. Currently, this 
route has been widely adopted to obtain polybenzoxazoles, particularly for 
microelectronics industry where PBO is used as excellent insulating materials [11].  
 
Besides PHA, later the other group of ortho-functional polymer was also reported 
capable for the conversion to polybenzoxazole via thermal rearrangement. Likhatchev et 
al. declared the possible conversion of imide to benzoxazole at a temperature higher than 
300 C and it is noticed that the starting temperature of the thermal rearrangement is 
associated to the substituted group at the ortho position on the diamine moiety [12]. 
Subsequently, Tullos et al. systematically explored the conversion of an ortho-functional 
imide towards a polybenzoxazole with a series of hydroxyl-containing polyimides and 





Figure 2.3: Reaction scheme for thermal conversion of hydroxyimide to benzoxazole 
[13]. 
 
In a work on the application of TR polymeric membranes for gas separation, Park et al. 
revisited the reaction mechanism and they proposed the detailed solid-state conversion 
chemistry as shown in Figure 2.4 [14]. The hydroxyl-containing imide is firstly converted 
to a carboxy-benzoxazole intermediate. Upon further treatment, the decarboxylation 





















Figure 2.4: Proposed reaction mechanism of the conversion of hydroxyl-imide to 
benzoxazole. Reproduced from Park et al. [14].  
 
However, for the imide-benzoxazole conversion, there are still debates about the reaction 
mechanism and possible side reactions [15-18]. Hodgkin et al. strongly questioned the 
conversion of hydroxyl-imide to benzoxazole and proposed the formation of a 
bisphenylene structure instead of benzoxazole as shown in Figure 2.5 [15, 16]. Calle et al. 
conducted the structure analyses by FTIR and NMR and emphasized the validity of the 
conversion from o-PI to PBO [17]. Rusakova et al. explored the possible mechanisms by 
using vibrational-spectroscopy and quantum-chemistry methods [18]. They concluded 
that some intramolecular reactions producing a lactam structure (Figure 2.6) also takes 






Figure 2.5: Possible reaction scheme for the conversion of hydroxyl-containing 
polyimide proposed by Hodgkin and Dao [15]. 
 
 
Figure 2.6: Possible reaction scheme for the conversion of hydroxyl-containing 
polyimide to lactam structure proposed by Rusakova et al. [18].  
 
2.4 Literature review on thermally rearranged membranes for gas separation 
Thermally rearranged polymer membranes were studied for gas separation since 1990s. 
Okamoto et al. [19] studied the gas permeability and selectivity in a series of 
polybenzoxazole (PBO) films obtained by thermally rearranging the respective 
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polyhydroxyamide (PHA) precursor films. As the aromatic polyimides with hexafluoro-
isopropylidene in the polymer backbones show better permeation properties, the 
fluorinated PHA was selected for the thermal rearrangement. After being treated at 
different temperatures, the PHA films were converted to PBO structure of different 
degrees: 0%, 60% or 100%. Their fractional free volume (FFV) changes indicate that the 
FFV augments more in the stage of a higher conversion degree. Meanwhile, it is also 
noted that the solubility coefficient (S) increases predominantly during the first 60% 
conversion, while the major increase in the diffusion coefficient (D) follows the same 
trend of the FFV change, namely, it increases more at the greater cyclization degree. 
Table 2.1 summarizes the FFV changes and the CO2 transport properties in the TR films. 
 
Table 2.1: Effect of degree of cyclization on FFV and gas transport properties. Gas 
permeability, solubility and diffusivity were measured at 50 C and 10 atm. 
 
Sample code Degree of 
conversion 
(%) 
FFV CO2 Permeability 
(P) (barrer) 



















FPBO-1 (0) 0  0.174 5.8 2.7 2.1 
FPBO-1 (60) 60 0.177 14.1 5.3 2.7 
FPBO-1  100 0.207 66 7.3 9.0 
 
Lee and co-workers applied the thermal rearrangement to the ortho-functional polyimide 
(o-PI) for gas separation [14, 20-23]. The resultant PBO films show surprisingly 
improved separation performance. As seen in Figure 2.7, the TR membranes have 




Figure 2.7: Robeson upper bound (2008) for CO2/CH4 separation [24]. The blue dots 
represent the performance of the TR polymers reported by Park et al. [20]. Reproduced 
from Robeson [24]. 
 
In order to achieve better separation performance and explore the mechanism of thermal 
rearrangement of o-PI, several works have been conducted from 2007 to 2013.  
 
Jung et al. [21] synthesized polyhydroxyimide copolymer by reacting 4,4‘-oxydianiline 
(ODA) and 2,2‘-bis(3-Amino-4-hydroxyphenyl)hexafluoropropane (bisAPAF) with 
3,3‘,4,4‘-biphenyltetra-carboxylic dianhydride (BPDA). ODA is diamine without 
hydroxyl group at the ortho position.  Thus, the incorporation of ODA would result in the 
polybenzoxazole-co-polyimide (PBO-co-PI) structure. By varying the copolymerization 
composition, it is found that the fractional free volume of the thermally rearranged 




Choi et al. [25] adopted the similar approach via copolymerization while the monomers 
were changed to bisAPAF, 3,3‘-diaminobenzidine (DBZ) and 4,4‘-(hexafluoro-
isopropylidene) diphthalic anhydride (6FDA). DBZ is a tetra-amine monomer with amino 
groups at its ortho positions. At the lower temperature range (~ 300 C), the amino group 
would cyclize with the imide ring and form the planar pyrrolone structure. The resultant 
pyrrolone connection is of very high rigidity. Thus, the incorporation of the pyrrolone 
groups finally resulted in significant improvement of the gas selectivity via the molecular 
sieving effect rendered.  
 
Calle and Lee [23] studied the structure-property relationship by incorporating an ether 
group into the hydroxyl-containing polyimide (TR precursor). The results showed that the 
ether group has introduced flexibility to the polymer backbone. Furthermore, it was 
shown that both higher final temperature and longer thermal dwell time could result in a 
higher degree of conversion and better separation performance. However, the vanishing 
of some characteristic peaks in FTIR spectra indicates that the polymer chains may have 
decomposed at the high treatment temperature and longer dwell duration.  
 
Han et al. [26] synthesized the polypyrrolone homopolymer with 6FDA and DBZ. 
However, after the formation of pyrrolone via thermal rearrangement, they treated the 
films by using the strong alkaline solution (1M NaOH) to convert the pyrrolone linkage 
to carboxy-benzimidazole. Upon the second thermal treatment, the carboxylic groups 




The TR films obtained from different PHA precursors were also explored [27]. The TR 
films show much improved H2/CO2 separation performance when the gas permeation test 
is conducted at 230 C. The best performance obtained is H2 permeability of 206 Barrer 
and H2/CO2 permselectivity of 6.2 at 230 C. According to the positron annihilation 
spectroscopy results, generally, the TR films derived from PHA films have smaller 
cavities than those TR films derived from the o-PI films. Thus, at the high test 
temperature, though the solubility selectivity of the gases approaches one, the diffusivity 
selectivity of the gases is improved by the sieving effect caused by the smaller cavities. 
As a result, the permselectivity increases. 
 
Besides TR precursors, many other works focus on the fundamentals of thermal 
rearrangement process and the gas transport phenomena through the TR films.  
 
Han et al. [22] investigated the effect of o-PI synthesis routes on thermal rearrangement 
and announced that the imidization route of the precursor also influences on the 
properties of the TR membranes, though the starting monomers (6FDA and BisAPAF) 
are the same. The TR polymeric membranes derived from the acetate-containing 
polyimide films obtained by chemical imidization (with/without silylation treatment) 
show much better gas separation performances than the hydroxyl-containing precursors 
obtained via azeotropic imidization or thermal imidization method. The CO2 permeability 
has reached more than 5000 barrer with the CO2/CH4 selectivity of around 22 in the TR 
films obtained from the acetate-containing polyimide films. It is believed that the bulky 
acetate pedant group has contributed to the enlargement of the free volume and the 
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interchain distance of the resultant TR films, which facilitates gas diffusion and 
permeation. 
 
The dependence of thermal rearrangement process on the ortho-functionality is further 
explored by Guo et al. [28]. The o-PI polymers derived from 6FDA and 3,3‘-dihydroxy-
4,4‘-diamino-biphenyl (HAB) with acetate group and pivalic group at the ortho position 
were synthesized by using acetic anhydride and pivalic anhydride as the dehydration 
agent, respectively. The bulkier pedant group at the ortho position seems to degrade at a 
higher temperature, while its onset TR conversion temperature decreases. Thus, it is 
declared that the acidic group released may catalyze the TR process. In the resultant TR 
films, the one obtained from the o-PI with pivalic group show the higher permeability but 
much lower selectivity than the TR films from the o-PI with hydroxyl or acetate groups, 
which is consistent with the conclusion of the work by Han et al. [22]. 
 
In order to understand the relationship between TR precursor structure and TR 
conversion temperature, Calle et al. [29] synthesized 15 sets of o-PI polymers and 
monitored their thermal gravimetric changes. The TGA analyses indicate that three 
important temperatures, TR starting temperature, temperature of maximum rate of 
reaction and TR end temperature, all are associated to the glass transition temperature of 
the precursor polymer. In general, the TR temperatures increase with the glass transition 
temperature.  Namely, the cyclization of the ortho group and the imide ring has to be 




Smith et al. [30] and Sanders et al. [31] conducted solid researches on the gas sorption, 
diffusion and permeability of the TR polymeric films based on chemically imidized 3,3‘-
dihydroxy-4,4‘-diamino-biphenyl (HAB) and 6FDA. In these companion reports, it is 
found that the solubility, diffusion and permeability all increase and the increment is 
more pronounced when the thermal treatment temperature goes higher. The pure gas 
selectivity shows a decrease trend for the separation involving CO2, while it remains 
almost constant for other gas pairs [30]. 
 
Besides experimental analyses, molecular dynamics (MD) is also applied to study the 
characteristics of the TR membranes or the thermal rearrangement process. Based on 
energy minimization, Park et al. [20] declared that the TR membranes have the lowest 
density when the resultant membranes comprise the mixed randomization of TR polymer 
chains with para-para, para-meta and meta-meta connections. Jiang et al. [32] explored 
the relationship between free volume cavity size and transport properties in the TR 
membranes by molecular dynamics. Park et al. [33] investigated the effect of thermal 
treatment on the hydroxyl-containing polyimide (HPI) and the derived TR-PBO by MD 
simulation. It is noticed that the distribution of the HPI polymer chains becomes 
homogenous as the thermal treatment temperature increases, while the torsional angle 
distribution of the PBO chains almost remains. In this regard, they concluded that the free 
volume of the PBO films will not change significantly upon thermal treatment.  
 
Some scale-up works have been conducted as well. Kim et al. fabricated single layer 
hollow fibers by using the pristine polyhydroxyamic acid. The resultant TR-PBO fibers 
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have shown a high CO2 permeance of 1938 GPU with CO2/N2 selectivity of 13 [34]. The 
fibers were also fabricated into big modules for the use in carbon capture and storage 
(CCS). The cost-effectiveness of using TR-PBO in CCS processes is also declared [35]. 
 
Overall, the chemical structures and gas permeation properties of the TR films reported in 
literature are summarized in Table 2.2. 
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Table 2.2: summary of the gas separation performance of thermally rearranged polymer membranes. 
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530 100 25.3 18.2 410 3.9 16.1 21 [31] 
* All the thermal treatment is conducted under inert atmosphere. 
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The polymers used in this study include poly(hydroxyamide amic acid), 
polyhydroxyamide (or ortho-functional polyamide)  and ortho-functional polyimide. The 
monomers bisaminophenols 2,2-bis(3-amino-4-hydroxyphenyl) hexafluropropane 
(BisAPAF) (98%), 3,3‘-dihydroxybenzidine (HAB) (>98 %), 9,9-bis(3-amino-4-
hydroxyphenyl)fluorene (BisAHPF) (>98 %) and 4,4‘-biphenyl-dicarbonyl chloride 
(BPDC)  were purchased from Tokyo Chemical Industry Co. Ltd (Tokyo, Japan). The 
monomer 4,4‘-(hexafluoroisopropylidene) diphthalic anhydride (6FDA) (purity > 99.0%) 
was purchased from Clariant (Germany) and trimellitic anhydride chloride (TAC) 
(99.9+%) was obtained from Sigma-Aldrich Co. (Singapore). Prior to synthesis, 
BisAPAF was purified via recrystallization in diethylene glycol dimethyl ether at 60 °C 
while 6FDA was purified by vacuum sublimation at 300 °C. Other monomers were used 
as received. The solvent N-methyl-2-pyrrolidinoe (NMP) with analytical reagent grade 
was provided by Merck and purified by low pressure distillation prior to use. Other 
reagents including acetic anhydride (>99.5 %) and anhydrous pyridine (99.8 %) were 
purchased from Sigma-Aldrich Co. (Singapore) and used as received. Purified nitrogen 
(99.9995%) and purified air (O2: 21%±1% with CH4 < 5 ppm and H2O < 3ppm) were 
provided by SOXAL Pte. Ltd. The chemical structures of the monomers are shown in 




Figure 3.1: Chemical structures of monomers used for polymer syntheses. 
 
3.2 Polymer syntheses 
The working polymers poly(hydroxyamide amic acid), polyhydroxyamide, ortho-
functional polyimide and cardo-copolyimides were synthesized via the polycondensation 
approach. All the syntheses were carried out under nitrogen purge. The detailed 
procedures for the synthesis of each polymer are documented in section 4.2.1, 5.2.1, 6.2.1 
and 7.2.1, respectively.  
 




































3.3.1 Gel permeation chromatography (GPC) 
A gel permeation chromatography (GPC) (Waters GPC system comprising a Waters 
2414 refractive index detector and a Waters 1515 isocratic HPLC pump) was used to 
determine the molecular weight of the synthesized polymers. 10 mg of the polymer was 
dissolved into 10 mL of dimethylformamide (DMF) to prepare the testing sample and its 
molecular weight was obtained by comparing the sample retention time with that of a set 
of equal-concentration standard polystyrene solutions. 
 
3.3.2 Inherent viscosity (IV) 
The inherent viscosities of the polymers were determined by a Transparent Thermostats 
(Schott, CT 52) instrument using an Ubbelohde type capillary viscometer immersed in a 
water bath of the thermostat at 25 C. 0.25 g of polymer is dissolved in 50 mL of NMP to 














               (3.1)                                                                                 
where ηinh is the inherent viscosity (dL/g), to is the retention time of NMP (s), t represents 
the retention time of the polymer solution and C is the concentration of the polymer 
solution (0.5 dL/g). 
 
3.3.3 Nuclear magnetic resonance spectroscopy (NMR) 
The structures of the pristine polymers were determined by 
1
H NMR analyses (Bruker 
Avance 300 (AV300) NMR spectroscopy) with a resonance frequency of 300 MHz. 
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Dimethylsulfoxide (DMSO-d6) was used as the solvent. The polymer solution was 
filtered with a PTFE membrane filter before analysis.  
 
13
C solid state NMR analyses have been carried out for both the pristine films and the 
thermally rearranged films by using a Bruker Avance 400 WB spectrometer with the 
resonance frequency of 400 Hz. To prepare the samples, 0.5 g of films were immersed 
into liquid nitrogen and ground into fine powders. The powders were dried at 80 C 
overnight before tests. 
 
3.3.4 Fourier transform infrared spectroscopy (FTIR) 
A Bio-Rad FTS-3500 Attenuated Total Reflection (ATR)-FTIR spectroscopy was used to 
characterize the chemical structures of the films before and after thermal rearrangement. 
32 scans were applied for each sample and conducted over the wavenumber range of 400-
4000 cm
-1
. During the measurement, the sampling chamber was continuously purged 
with nitrogen at a flow rate of 10 mL/min to avoid signal interference from the 
surrounding moisture and CO2. 
 
3.3.5 X-ray photoelectron spectroscopy (XPS) 
To determine the degree of thermal cyclization, a Thermo Fisher Scientific Thetaprobe 
XPS with monochromatic X-ray of 15 KV and 100 W was employed to characterize the 
chemical binding energy levels of C, N, O, F and Cl. The wide scan was done by a pass 
energy of 200 eV with a binding energy range of 0-1300 eV, where else the high 
resolution scan utilized a pass energy of 40 eV. The spot size was 400 µm in diameter. 
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The N 1s spectra of the sample surfaces were deconvoluted by using the XPSSPEAK41 
software according to the binding energies of N involved in different functionalities. The 






ncompositio              (3.2) 
 
3.3.6 Elemental analysis 
The C, N and H element contents of the films were conducted by an Elementar Vario 
Micro Cube. The contents of F were measured by the Ion Chromatography (IC) Analysis 
with a Metrohm modular IC system. 
 
3.3.7 Thermogravimetric analysis (TGA) 
The thermal cyclization process and the thermal stability of materials were characterized 
by TGA (TGA 2050, TA instrument) over a temperature range of 25 °C to 800 °C. The 
temperature was ramped at 10, 15 or 20 C/min. Besides, TGA isothermal experiments 
were also conducted to each sample by practicing the same heating protocol used for 
thermal rearrangement. These experiments are to simulate the thermal treatment process. 
The details about the respective TGA protocols are described in sections 4.2.3, 5.2.3, 
6.2.3 and 7.2.3. 
 
3.3.8 Thermogravimetric analysis - infrared spectroscopy (TGA-IR) 
The compounds released during thermal rearrangement were determined qualitatively by 
the Bio-Rad FTIR spectroscopy coupled with the TGA instrument. The exhaust from the 
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TGA instrument was carried by the nitrogen flow to the FTIR gas cell through a 
transferring line heated at 150 °C. 
 
3.3.9 Differential scanning calorimetry (DSC) 
The glass transition temperatures (Tg) of films were measured by DSC (DSC 822
e 
(Mettler Toledo)). The measurements were conducted under nitrogen atmosphere at a 
ramping rate of 10 °C/min. The detailed heating protocols are reported in the subsequent 
chapters. 
 
3.3.10 Dynamic mechanical analysis (DMA) 
The glass transition temperature (Tg) of membranes was also measured by the dynamic 





°C. The experiments were performed at 1 Hz frequency and the 
samples size is 10 mm by 7 mm. 
 
3.3.11 Tensile properties measurement 
An Instron 5542 Universal tensile tester was used to evaluate the tensile properties of the 
thermally rearranged films. A testing speed of 10 mm/min was applied. The reported 
values are the average of at least 5 tests. 
 
3.3.12 Density measurement and fractional free volume (FFV) 
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wo VV 3.1              (3.6) 
where V is the molar volume of the repeating unit (cm
3
/mol), M represents the molar 
mass of the repeating unit (g/mol), ρ is the density of the membrane (g/cm3), ρo is the 
density of the auxiliary liquid(g/cm
3
), Wair and Wliq represent the weights of the 
membrane measured in the air and auxiliary liquid (g), respectively, Vo is the volume 
occupied by polymer chains (cm
3
/mol) and Vw  represents the Van der Waals molar 
volume (cm
3/mol) calculated from the Bondi‘s group contribution theory [1]. The film 
density was determined by following the traditional Archimedean principle with ethanol 
as the wet phase. Each test was repeated for 3 times with a sample size of around 0.3 g 
film to make sure the accuracy. 
 
3.3.13 X-ray diffraction (XRD) 
X-ray diffractor (XRD) (Bruker, D8 series) with a Cu source was used to detect the 
average inter-chain distance (d) of the membranes. Based on the Bragg‘s law as shown in 
Eq.  3.7, the average polymer chain spacing d was calculated. 
 sin2dn                    (3.7)  
where n is an integral (n =1), λ is the wavelength of the source (λ = 1.54 Å) and θ 




3.3.14 Positron annihilation lifetime spectroscopy (PALS) 
A conventional Positron Annihilation Lifetime Spectroscopy (PALS) with an open source 
was used to measure the free volume cavity size and distribution. Na-22 isotope was 
applied as the source of positrons and sealed in Kapton
®
 films. The testing film samples 
were cut into pieces with the similar area of around 1cm
2 
and stacked to 0.5 mm thickness 
at each side of the source. In the measurement, the γ-ray of 1.27 MeV released from the 
source decay was used as the starting signal. The positrons emitted could penetrate into 
the sample films and form positroniums by pairing with the electrons within the free 
volume cavities. When the positrons or positroniums annihilated, the γ-ray of 0.511 MeV 
was produced and taken as the stop signal by a coincidence timing system. A total of one 
million counts were collected in each spectrum. A more detailed description of the set-up 
can be found elsewhere [2-5]. For data analyses, the computer program PATFIT with a 
discrete function was applied to resolve the spectrum and calculate the lifetimes 
accordingly. At the same time, another program MELT with a continuous function was 
utilized to generate the lifetime distributions. A source correction of 0.38 ns and 10% was 
always applied. 
 
The mean free volume radius is correlated to the lifetime of the pick-off ortho-
Positronium (o-Ps) annihilation by Eq. 3.8. This equation is only applicable whenever the 







































In the equation, τ3 indicates the lifetime of pick-off o-Ps, R denotes the free volume 
radius and Ro is defined as the infinite spherical potential radius and equals to R+ΔR, 
where ΔR is fixed at 1.656 Å when the free volume is assumed to be spherical [8, 9]. 
 
3.4 Measurements of gas transport properties 
3.4.1Pure gas permeation properties 
The pure gas permeation properties were measured at 35.0 °C by using a variable-
pressure constant-volume permeation system where the upstream pressure was 
maintained at 10 atm except H2 gas was at 3.5 atm for safety concerns. Prior to the tests, 
the films were evacuated in the permeation system overnight. The set-up is shown in 





Figure 3.2: Schematic for a constant volume-variable pressure gas permeation chamber 
for testing pure gas permeation properties of a flat membrane. 
 








, the gas 
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where P (Barrer) is the permeability for a pure gas, V (cm
3
) denotes the volume of 
downstream vessel, L (µm) is the membrane thickness, A (cm
2
) is the membrane area, T 
(K) is the test temperature and p2 (psi) is the upstream pressure. The ideal selectivity α of 

























PT: Pressure transducer INT-DS: Internal downstream valve
TC: Thermal controller US: Upstream valve
V1-V3: Gas collection volume DS: Downstream valve
DS-PG: Downstream pressure gauge C1-C4: Valves
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To verify the reproducibility of the permeation properties, all the data obtained have been 
repeated with the films fabricated from different batches of synthesized polymers. The 
permeation data were duplicable within an error of ±10%.  
 
3.4.2 Mixed gas permeation properties 
The mixed gas permeation tests were conducted by using either a constant-volume 
variable pressure system or a constant-pressure variable volume system at 35 °C. A gas 
binary mixture of equal molar compositions was used as the feed gas. The total feed 
pressure for CO2/CH4 was 20 atm while it is 7 atm for H2/CO2 mixture.  
 
3.4.2.1 Constant-volume variable-pressure system 
Figure 3.3 shows the schematic of the system modified for a mixed gas test. Compared to 
the system used for pure gas permeation test, a retentate stream was introduced at the 
membrane upstream and a gas chromatography (GC) was connected as the downstream 
in the system for mixed gas test. The retentate stream was used to maintain a low stage-
cut so that the composition of the feed is not affected by the preferential permeation of 
one gas and also to make sure that the feed flow is much larger than the permeate flow. 
The GC was operated under vacuum to allow the downstream permeate to flow into the 
GC sampling loop. A detailed description for the operation of a constant-volume variable 




Figure 3.3: Schematic for a constant volume-variable pressure gas permeation chamber 
for testing mixed gas permeation properties of a flat membrane. 
 
The molar composition of the downstream gas mixture was determined by the gas 
chromatograph (GC) (Agilent 7890A). The GC was equipped with a TCD detector and 
two different columns: a HP-PLOTQ column and a molecular sieve Zeolite 5A column. 
Helium flow with a purity of 99.999% was used as the carrier. In the experiment, CO2 
and CH4 were separated by the HP-PLOTQ column, while H2 and CO2 had to be 
separated by using both columns.  
 
GC calibration was based on the molar ratio of the standard binary gases versus the ratio 
of signal areas of the respective gas observed in the GC curve. The mixed gas 























PT: Pressure transducer INT-DS: Internal downstream valve
TC: Thermal controller US: Upstream valve
V1-V3: Gas collection volume DS: Downstream valve
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where 
aP and bP (Barrer) are the permeabilities of gas a and gas b, respectively. 1p is the 
downstream permeate gas pressure accumulated and 2p represents the upstream feed gas 
pressure. 
ax  and ay  represent the molar fraction in the feed gas and the permeate, 
respectively. 
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3.4.2.2 Constant-pressure variable-volume system 
Figure 3.4 and Figure 3.5 shows the schematic diagram of the constant-pressure variable-
volume set-up and the design of the membrane cell, respectively. A helium gas stream of 
100 (STP) mL/min was used to sweep the permeate side of the membrane. The gas 
permeate was swept to and analyzed by a new gas chromatograph (GC) (Agilent, 
Singapore) equipped with a thermal conductivity detector (TCD) and a pulsed discharge 
helium ionization detector (PDHID). In H2/CO2 separation, since TCD could not analyze 
H2 precisely due to the close thermal conductivities of helium and H2, PDHID was 
applied to analyze the gas permeate. During measurements, the non-polar components 
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were separated by a molecular sieve 5A PLOT column (30m x 0.53mm ID) while polar 
gas like CO2 was separated by a PLOT-Q (30m x 0.53mm ID) column. The GC oven was 
maintained at 50 C and the PDHID detector was at 200 C and purged with a helium 
flow with more than 99.99995% purity. In order to control the pressure of the permeant 
sample, the valve before the GC was fully opened to the atmosphere and the rotary pump 
at the outlet of the GC was maintained at a flow rate of 20±1 mL/min to drive the gas 
stream. The details of this system and its operation will be elaborated below.  
 
 
Figure 3.4: Schematic of mixed gas permeation system [15].  























MFC: Mass Flow Controller







Figure 3.5: Membrane cell design and schematic representation of gas flows [15]. 
 
This system can be used to measure both dry mixed gas and wet mixed gas. In dry-state 
mixed gas tests, the water saturator was bypassed. The retentate stream was regulated at 
20 mL/min ( 500
fluxpermeate
fluxretentate
). The permeant was analyzed by the GC system 
continuously. After reaching steady state, an average of at least 5 runs was recorded and 
reported.  
 
In wet-state mixed gas tests, the feed mixed gas stream was first allowed to pass through 
a water saturator. A subsequent water knock-out volume was used to remove the 
entrained liquid droplets. In order to maintain the desired relative humidity, the water 
saturator was jacketed and its temperature was controlled by a water circulator and the 
metal tubing was wrapped with heating tapes at a certain temperature (shown as the red 
curved line in Figure 3.5). The permeation cell in the oven was maintained at a 
temperature higher than that of the water saturator to prevent condensation. The relative 
humidity inside the water saturator and at the top surface of the membrane was 
instantaneously monitored by a high-pressure humidity transmitter (HMT338, 



















) and a humidity meter (HP22, Rotronic), respectively. At the retentate side, 
the flow rate was increased to 1000 mL/min to reduce the effect of concentration 
polarization and to keep the stage-cut small; at the permeant side, the stream was diluted 
by more than 100-fold with the sweep gas. The moisture in the permeant might still 
condense in the GC columns and be detected by the highly sensitive PDHID detector. 
Thus, in the analysis, the GC columns were baked at 150 C for 5 min after every 3 runs. 
 
The H2 and CO2 mixed gas permeabilities were determined by GC analyses. The flux of a 






                       (3.13) 
where xi is the volumetric concentration of a gas determined from the GC calibration 
curve (GC signal area vs. standard gas concentration), Q ((STP) mL/s) is the total volume 
flow rate at the permeate side and A  (cm
2
) denotes the membrane area. Since the 
permeate flux is negligible as compared to the sweep flow, Q is taken as the helium flow 
rate (100 (STP) mL/min = 16.67 (STP)mL/s). 
 










                    (3.14) 
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where Pi is the gas permeability, l is the membrane thickness and pi refers to the trans-
membrane partial pressure drop for a particular gas. Since the mixed gas feed comprised 
equal molar of two gases, the permselectivity is determined from the ratio of the gas 
permeabilities. 
 
3.4.3 Gas sorption isotherm 
The gas sorption isotherms of the films were measured by a dual-volume Cahn D200 
microbalance sorption apparatus at 35 °C over a range of 0 – 230 psi. Figure 3.6 shows 
the schematic diagram of the microbalance system. The details of the set-up are 
documented elsewhere [16].  
 
Figure 3.6: Schematic diagram of the dual-volume Cahn D200 microbalance apparatus. 
 
All the equilibrium isotherms were measured with a sample size of 70 – 100 mg films. 
The gas pressure inside the cell was increased with an initial increment of 0.5 atm till 6 
V1






atm followed by the increment of 1 atm. All the raw sorption data were corrected by the 
buoyancy force from the calibration. 
 








S                             (3.15) 




(polymer) and p is 
the testing pressure. With the pure gas permeability coefficient P, the average diffusion 
coefficient D (cm
2
/s) was determined by: 
S
P
D                             (3.16) 
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CHAPTER 4: Effect of degree of thermal rearrangement conversion on 
physicochemical and gas transport properties of thermally rearranged 
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4.1 Introduction and objective 
Thermally rearranged (TR) polymer membrane can be derived from both ortho-
functional polyamide and ortho-functional polyimide. This work focuses on another type 
of precursor, poly(hydroxyamide amic acid) (PHAA) which is of bi-functionality. The 
PHAA was derived from 2,2-bis(3-amino-4-hydroxyphenyl)hexafluropropane (BisAPAF) 
and trimellitic anhydride chloride (TAC). The pristine PHAA polymer was thermally 
treated in selected temperatures in the range of 130 °C to 400 °C so that films with 
different degrees of thermal rearrangement were obtained. The physicochemical 
properties of the resultant films were examined by various characterization techniques 
including elemental analysis, TGA, TGA-IR, DSC, ATR-FTIR, XPS, XRD and Positron 
Annihilation Lifetime Spectroscopy (PALS). Overall, the aims of this work are to 
examine the effect of thermal rearrangement temperature on stepwise polymer structural 
changes and elucidate the relationships among chemical structure, polymer physical 
properties and gas transport properties at the molecular level.  
 
4.2 Experimental 
4.2.1Synthesis of poly(hydroxyamide amic acid) 
The poly(hydroxyamide amic acid) (PHAA) was synthesized via the following routine: 
15 mmol BisAPAF was added to a mixture of 35 mL NMP and 15 mmol pyridine at 0 °C. 
After complete dissolution of the bisaminophenol, 15 mmol TAC was added into the 
solution slowly. 1 h later, the ice bath was removed and the solution was left stirring at 
room temperature overnight. The resultant polymer solution was precipitated in 2 L of 
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deionized water and washed for 3 times. Subsequently, the polymer was dried at 80 °C 
under vacuum for 24 h and stored in a dry box (relative humidity ~ 26 %). 
  
4.2.2 Membrane casting and thermal rearrangement procedures 
To fabricate a dense film, a 5 wt % polymer solution was prepared by dissolving 0.65 g 
polymer powder in 12.35 g purified NMP. After being filtered using a 0.45 µm PTFE 
membrane filter, the solution was cast into a flat petri dish with a diameter of 8 cm and 
put into a Heraeus vacuum oven (Thermo Fisher Scientific Inc.) immediately. The 





holding for 12 h at each temperature. The temperature was further raised to 130 °C for 
another 72 h to evaporate the solvent. The as-cast film was cooled down slowly to room 
temperature. The low drying temperature was chosen to minimize the degree of thermal 
imidization in the pristine membrane. To ensure the thorough removal of the residual 
solvent, the nascent film was then put into a Centurion
TM
 Neytech Qex high vacuum 
furnace with a smaller sample chamber of around 0.0785 m
3
. The drying protocol was 
identical to the one applied in the Heraeus vacuum oven. The dense film was stripped off 
the petri dish by immersing it in hot water. Membranes with a thickness of 70-100 µm 
were used for testing.  
 
The thermal conversion was conducted in the same vacuum furnace at temperatures 
ranging from 200 °C to 400 °C. The furnace was preheated to the target temperature prior 
to the insertion of the pristine membranes. The membranes were treated in the furnace for 
2 h and quenched at room temperature so as to maintain the same duration of thermal 
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treatment. The gas permeation properties of the membranes were measured within 24 h.  
 
The reaction schemes of the polymer synthesis and thermal rearrangement process are 
described in Figure 4.1. The evolution of chemical structure in each step has been 
determined and illustrated in details in section 4.3.2. Samples are named according to 
their chemical structures and thermal treatment temperatures as PHAA130, PIBO200, 
PIBO220, PIBO300, PBO350 and PBO400, where the alphabets indicate the polymer 












Both TGA (TGA 2050 (TA instrument)) and DSC (DSC 822
e 
(Mettler Toledo)) were 



















































300  400 °C 







measurements were conducted under nitrogen atmosphere at a ramping rate of 10 °C/min. 
The testing temperature range for TGA was from 25 to 800 °C whereas for DSC was 




The procedures for other characterization follow the details described in Chapter 3. 
 
4.3 Results and Discussion 
4.3.1 Polymer synthesis and membrane fabrication 
The starting polymer PHAA was synthesized via the typical low-temperature 
polycondensation approach. The structure has been determined by NMR in Hsu et al. 
work [1]. However, they did not discuss the possible reaction between –OH on BisAPAF 
and chloride or anhydride on TAC. Therefore, at the first step, in order to confirm whether 
the starting material is a poly(hydroxyamide amic acid) or a poly(carboxyl ester), 
1
H 
NMR analyses were carried out and the results are shown in Figure 4.2. In Figure 4.2, it is 
evident that there is no primary amine proton (H:  ~ 4.36 ppm [2]) found. This clarifies 
that both the anhydride and chloride on TAC have reacted with –NH2 and the phenolic 
proton does not participate with the polymerization process. In addition, based on the 
integration to the characteristic resonances, the presence of –COOH proton and the 
integration to –OH protons also verify the amide formation. Therefore, a 
poly(hydroxyamide amic acid) is the precursor polymer. However, from the NMR results, 
it is noted that the amide protons (H4 and H5) and amic acid proton (H1) are less than the 
theoretical values (2H and 1H, respectively). The reduction of amide protons could be 
explained by the partial imidization induced by weak base (pyridine) catalysis during the 
synthesis and thermal imidization during polymer drying. In section 4.3.2, this result will 
be discussed and compared with the XPS analysis. For amic acid (H1), besides the 
72 
 
dehydration from partial imidization, it is also probable that some of the acid has been 





H NMR analysis result for polymer precursor. 
 
The molecular weight (Mw) of the PHAA polymer was 53,000 g/mol with the 
polydispersity of 3.7 in DMF. The inherent viscosity (IV) of the polymer synthesized is 
0.29 dL/g at 25 °C as measured by a Ubbelohde viscometer (Schott Gerate, Mainz, 
Germany) with a polymer solution concentration of 0.5 g/dL. The polymer can be readily 
















































tetrahydrofuran (THF) or pyridine owing to the close solubility parameters as shown in 
Table 4.1. Interestingly, only films cast from NMP are flexible and exhibit good 
mechanical strength. Other films cast from DMAc, THF and pyridine are brittle and break 
into pieces easily. The different film formation behavior may be attributed to the different 
solubilities between the polymers and the solvent. Since NMP and PHAA exhibit the 
closest solubility parameter, NMP was employed as the solvent. 
 
Table 4.1: Solubility parameters of PHAA and selected organic solvents. 
Substance  PHAA  NMP  DMAc  THF  Pyridine  




  13.5  11.2  11.1 9.5  10.6  
 
 
In order to show the mechanical robustness of the starting film, tensile properties were 
tested and Table 4.2 tabulates the results. The elongation of the PHAA film is ~ 7.6% and 
the tensile stress is 166 MPa, which are comparable to other glass polymers [3-6]. Thus, 
the mechanical property of the film is reasonably good, which has provided the sufficient 
robustness for gas permeation tests and other characterizations. 
 
Table 4.2: Mechanical properties of the working polymer film. 
Sample  Young‘s Modulus 
(GPa) 









The elemental contents of the sample films were obtained from elemental analyses and 
the results are tabulated in Table 4.3. The data in parentheses are the theoretical values. 
Three representative samples were chosen for comparison according to their significance 
during the whole thermal evolution process, which will be discussed in details in section 
4.3.2. 
 
Table 4.3: Elemental analyses for thermally rearranged membranes. 
Sample  
C wt%  H wt%  N wt%  F wt%  
found  calculated  found  calculated  found  calculated  found  calculated  
PHAA130  52.27  (53.35)  3.11  (2.61)  4.97  (5.18)  20.29  (21.09)  
















PIBO300  56.82  (57.16)  2.13  (2.00)  5.22  (5.55)  23.25  (22.60)  








PBO400  61.23  (60.01)  2.17  (2.19)  6.27  (6.09)  23.14  (24.76)  
 
4.3.2 Characterization results 
The PHAA precursor constitutes an amide linkage and an amic acid in each repeating unit. 
The thermally induced arrangement of these functional groups was investigated by TGA 
analyses. In Figure 4.3, a three-step weight change of the PHAA130 film is presented. A 
weight loss of 6.86 wt % is observed in the first stage (180 °C to 310 °C). To reveal the 










Figure 4.4: TGA-IR spectra of the exhausts released at different temperatures when 









































Based on the spectra obtained from the exhausts at 190 °C and 210 °C, the peak between 
1780 cm
-1
 – 2000 cm-1 corresponding to water vapor indicates the occurrence of 
dehydration reaction at the first step of cyclization [7]. From the structure of PHAA130, it 
can be seen that the water released is commenced by the conversion of amic acid to imide 
via thermal imidization. With further increase of temperature, the cyclodehydration is 
continued. This is owing to the cyclization of the amide groups with the adjacent hydroxyl 
groups to form benzoxazole rings and water is released as a byproduct [8]. Since the 
temperature ranges for the occurrence of imidization and benzoxazole formation from 
hydroxyamide are partially overlapped, the dehydration reaction shown in Figure 4.3 
appears as one step. With the completion of dehydration reactions, PHAA130 precursor 
evolutes to a new structure – PIBO which comprises one imide group and one 
benzoxazole group in one repeat unit.  
 
Around 330 °C, the second step weight loss commences.  A 7.51 wt % loss is observed 
during the process. When temperature exceeds 330 °C, the imide groups start to rearrange 
with the ortho-hydroxy groups on bisaminophenols and as a result, the other oxazole 
groups are formed. By referring to Figure 4.4, the absorbance peak at 2280 cm
-1
 – 2350 
cm
-1
 on the spectrum obtained at 350 °C reveals carbon dioxide (CO2) release from the 
cyclization. Since the theoretical weight loss from complete release of CO2 should be 8.14 
wt %, as compared with the observed 7.51% weight loss, the conversion rate of PIBO to 
PBO is estimated to be 92.3%. The relatively high conversion rate provides the basis for 




When the temperature reaches about 510 °C, the decomposition starts at the third step. 
From the TGA-IR spectrum, at 520 °C, an intensive peak at 1151 cm
-1 
corresponding to 





 generated from the homotylic rupture of –C–N– bonds in imide rings also 
verifies the proceeding of polymer decomposition [9]. The release of CO2 is more 
complicated possibly ascribed to the decomposition of minor amount of unreacted 
monomers, unreacted amic acid groups or the pyrolysis of imide rings [10].
  
 
Unlike PHAA130, PIBO300 film evolute with two steps. This indicates that the 
cyclodehydration reactions have completed after thermally treating the pristine PHAA130 
film samples at 300 °C for 2 h. For PBO400, there is no stepwise weight loss observed. It 
starts to decompose around 510 °C. This shows that the thermally rearranged membranes 
exhibit good thermal stability, which is crucial for this type of thermally rearranged 
polymers (TR-polymers) to be applicable in harsh industrial operating environments.  
 
Figure 4.5 shows the first heating thermograms of DSC curves for the original and 
thermally treated films. The broad endothermic peak shifts towards a higher temperature 
range and the amount of heat flow reduces as the heat treatment temperature increases. 
The pristine PHAA130 film exhibits the largest enthalpy change and the broadest peak 
ranging from 180 °C to 450 °C. The peak of the PIBO300 film moves to around 320 to 
450 °C, while the DSC curve becomes flat and no obvious peak is observed for the 
PBO350 and PBO400 films. This suggests that the thermally treated films have reached 
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different degrees of thermal cyclization and the highest degree of heterocyclization to 
PBO is attained by PBO350 and PBO400 films.  
 
However, no distinguishable stepwise change is observed in DSC thermograms. This may 
be due to two factors; namely: (1) the close temperature range of the occurrence of the 
cyclodehydration and cyclodecarboxylation reactions; and (2) the vast difference of 
enthalpy changes (ΔH) incurred in these cycloreactions. The close temperature range can 
be observed from the TGA curves. As shown, the cyclodehydration reaction (first step) 
ends at about 310 °C while the cyclodecarboxylation reaction (second step) follows it and 
commences at 330 °C. In view of the enthalpy change, Chang et al.
 
reported the distinct 
endothermic enthalpy changes of the stepwise cycloreactions [11]. For a type of poly amic 
acid generated from pyromellitic dianhydride and 3,3‘-dihydroxybenzidine (PMDA–
DHB), the enthalpy changes of cyclodehydration and cyclodecarboxylation reaction are 
214.0 and 10.6 J/g, respectively. The 20-fold difference would certainly contribute to the 
overlapping of the peaks. Thus, as shown in Figure 4.5, the endothermic peaks for the first 





Figure 4.5: DSC thermograms (first heating curve) of films before and after being 
cyclized at different temperatures. 
 
The films treated at different temperatures comprise different major chemical 
functionalities. In order to qualitatively study the structural evolution, ATR-FTIR analyses 
were carried out and the spectra of the films are displayed in Figure 4.6a and Figure 4.6b. 
As C–F is not affected by the reactions, the curves shown are all normalized with the 
characteristic peak of C–F at 1253 cm-1. From the original PHAA structure to the ultimate 
PBO structure, three major chemical groups are involved in the transitions: amide, imide 





the former reflects the C=O stretching while the latter denotes the N–H bending and C–N 







 and 1782 cm
-1
. The absorbance band at 1095 cm
-1
 comes from the transverse 
































stretching of C–N–C of imide group, while the peak at 1381 cm-1 is owing to the axial 
stretching of C–N bonding [12, 13]. The doublet characteristic peaks at 1720 cm-1 and 
1782 cm
-1
 are the typical peaks for imide, which are attributed to the imide C–C(=O)–C 
asymmetric and symmetric stretching, respectively [10]. The vibration of benzoxazole 






 and 1617 cm
-1
. The 
peak at 1052 cm
-1 
is due to the aromatic–O–C stretching whereas 1477 cm-1 and 1558 cm-1 
are the typical absorbing bands of benzoxazoles [13, 14].
 
The band at 1617 cm
-1 
reflects 
the C=N stretching. 
 
 
Figure 4.6a: ATR-FTIR spectra of (a)PHAA130, (b)PIBO200, (c)PIBO220, (d)PIBO300, 




As depicted by Figure 4.6a, the chemical structures show stepwise evolution, which is 
consistent with the observation from TGA. The spectrum of pristine PHAA130 film 
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incorporates the characteristic peaks of both amide and imide. From its structure shown in 
Figure 4.1, it can be seen that both the amide linkage and the amic acid group would give 
rise to the appearance of amide peak. However, the presence of strong imide bands is 
unexpected. The amic acid in the pristine film may have been partially converted to imide 
during the long drying process for thorough removal of solvent. With an increasing in 
thermal cyclization temperature, the structural changes of the films treated at 200 °C, 220 
°C and 300 °C show a clear trend. The intensity of the amide peaks reduces and finally 
disappears at thermal treatment of 300 °C whereas the imide peaks and the benzoxazole 
peaks turn out to become more intense and sharper, implying the gradual conversion of 
amic acid to imide and hydroxyamide to benzoxazole, respectively. It is interesting to note 
that the imide peaks do not change extensively from 200 °C to 300 °C whereas the 
concentration of each benzoxazole bands increase apparently. This reveals that the thermal 
imidization has started and completed at a relatively low temperature range while the 
conversion of ortho-positioned aromatic amide to benzoxazole takes place at a higher 
temperature range. By further increasing the temperature to 350 °C or 400 °C, the 
intensities of imide peaks decrease remarkably, but the benzoxazole peaks continue to 
increase in intensity. In addition, the peak of substituted phenyl ring at 1516 cm
-1
 becomes 
smaller. These evidently verify that the second benzoxazole ring has been formed by 
reacting imide with the ortho-positioned hydroxy group. By comparing PBO350 and 
PBO400 spectra, it is worth noting that the intensities for imide and for benzoxazole do 
not vary significantly. This implies that similar degree of thermal cyclization has been 
achieved by thermal treatment at 350 °C and 400 °C. Furthermore, in view of the degree 
of cyclization, the presence of imide characteristic peaks demonstrates that the thermal 
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cyclization is not completed till 400 °C. Owing to the possible partial decomposition of 
the polymer main chain, thermal treatment at higher temperatures was not carried out.  
 
 
Figure 4.6b: ATR-FTIR spectra of (a) PHAA130, (b) PIBO200, (c) PIBO220, (d) 
PIBO300, (e) PBO350 and (f) PBO400 from 1000 to 4000 cm
-1
. Figure 4. 6 
 
 
Figure 4.6b shows the ATR-FTIR spectra at the higher wavenumber range. The broad 
absorption band at around 3300 cm
-1
 represents the phenyl–OH stretching. From 
PHAA130 to PBO300 samples, the intensity of this band decreases since –OH has 
participated in the thermal cyclization reaction and formed the benzoxazole ring. With 
further increasing thermal cyclization temperature, in PBO350 and PBO400 samples, no 
significant –OH peak could be found as reflected by the disappearance of the broad band, 
which indicates that a high conversion degree towards benzoxazole structure has been 
achieved. 
1000150020002500300035004000











Since the characteristic FTIR peaks for benzoxazole are common to the peaks of some 
other aromatic structures and the solid state structure conversion is considerably 
complicated, the chemical structure of the cyclized sample, PBO350, is further explored 
by solid state 
13
C NMR. Figure 4.7 shows the result. The presence of benzoxazole 
characteristic resonance at 162.1 ppm [2, 15, 16] clearly indicates that the solid state 
hydroxyimide has been converted to the benzoxazole rings after high temperature 
cyclization. This is consistent with the aforementioned ATR-FTIR results and provides 





































Since the resonance of the solid state NMR is relatively broad, it is difficult to determine 
the degree of structure conversion from the integration. Therefore, addition XPS analysis 
was conducted. Figure 4.8 compares XPS 1N core-level scan spectra at the near-surface 
of film samples. The binding energies of amide (–N–), imide (sp3-hybridized –N<) and 
oxazole (sp
2
-hybridized –N=) are 400.0 eV [17], 400.6 eV [17] and 399.2 eV [17, 18], 
respectively. Each raw spectrum was curve-fitted with the full width half maximum 
(FWHM) at 1.2-1.4 eV. The evolution from the original to the final structure is shown by 
the major binding energy peak shifts from the higher end to the lower end. Based on the 
area proportions of the corresponding peaks, the fractions of correlative major functional 
groups (amide, imide and oxazole) were calculated and plotted in Figure 4.9. From 
Figures 4.8 and Figure 4.9, it can be observed that the predominant structure in the film 
samples evolutes with the thermal cyclization temperature. Similar to the observation 
from ATR-FTIR spectra shown in Figure 4.6a, amide is the principal structure in 
PHAA130 while imide and oxazole functional groups become governing in PIBO films. 
The absence of amide peak in PIBO300 indicates that the conversion from the pristine 
PHAA130 to PIBO is completed with thermal treatment at 300 °C. In PBO350 and 
PBO400, oxazole turns out to be the main functionality and there are only a small 
percentage of around 5-8 mol% of imide residuals left. It is important to point out that the 
mole fraction of oxazole increases rapidly with thermal treatment below 350 °C while 
becomes slowly from 350 °C to 400 °C. Quantitatively, the mole percentages of oxazole 
in PBO350 and PBO400 are calculated to be 92.6% and 95.5%, respectively. The minor 
increment implies that the conversion rate becomes insensitive to temperature increase 












































Figure 4.9: Mole fractions of correlated functional groups based on the deconvoluted 
XPS N1s spectra. 
 
Figure 4.10 shows the XRD patterns of film samples. Benzoxazole is a rigid-rod 
polymeric material and its crystalline structure has been discovered and reported by 
several groups previously [19-21].
 
However, in the present work, the membranes are 
entirely in the amorphous state as demonstrated by the major broad bands instead of the 
crystal peaks. Such change is related to the monomer structure. The bisaminophenol 
BisAPAF is a fluoro-compound containing hexafluoroisopropylidene moiety. Owing to 
the bulky fluoride atoms and the interlocking of the planes stimulated by center sp
3
 
carbon and CF3, the regular packing of the polymer chains is inhibited and strongly 
disturbed [22].
 
Thus, the tendency of benzoxazole segments to form crystals is minimized 











































spacing values for the film samples calculated. In accordance to the predominant peaks, 
all the film samples have a relatively large d-spacing value (> 5 Å). From PHAA130 to 
PBO400, a discernible shift of the predominant peak is presented with the 2θ value 
moving towards the smaller angle range. The average inter-chain spacing shows an 
increasing trend. It rises from the original 5.28 Å for PHAA130 to 6.16 Å for PBO400. 
Such increment is expected to play an important role in the gas permeation process as a 
larger d-spacing allows a faster diffusion.  
 
 
Figure 4.10: XRD curves of films with thermal treatment at different temperatures (a) 





























Table 4.4: d-spacings calculated for film samples treated at different temperatures. A 






PHAA130 16.76 5.28 
PIBO200 16.44 5.39 
PIBO220 16.16 5.48 
PIBO300 15.72 5.63 
PBO350 15.34 5.77 
19.78 4.48 
PBO400 14.36 6.16 
19.50 4.55 
 
Apart from this, a second band at larger 2 is discovered for PBO350 and PBO400 films, 
surprisingly. The positions of these bands for PBO350 and PBO400 are similar and 
correspond to a d-spacing around 4.5 Å. The analogous bimodal d-spacing are also 
observed in some other works [22-24]. Zimmerman and Koros reported the bimodal d-
spacing for a polypyrrolone derived from 1,2,4,5-tetraaminobenzene (TAB) and 2,2‘-
bis(3,4-dicarboxyphenyl) hexafluoropropane dianhydride (6FDA) [22].
 
Pixton and Paul 
attribute the second peak to the alignment of pendant phenol rings when studying 
polyarylates with different connectors and pendant groups [23, 24]. But for this work, 
owing to the complexity of polymer structures and different degrees of conversion at 
each step, it is difficult to pinpoint the exact rationale beneath at this moment. In order to 
correlate the bimodal distribution to the polymer structure, a detailed study of the XRD 




Free volume radius and free volume distribution are also crucial factors that are closely 
related to permeation properties. In order to investigate the free volume size and 
distribution, PALS was applied. Positronium, a bound state between a positron and an 
electron [25], is proven to be capable of preferentially localizing into the defective sites 
[26]. Therefore, annihilation of positroniums occurring inside the sites could directly 
reflect the free volume size according to Equation 3. In recent years, as a novel and 
relatively precise probing technology, PALS has been gradually practiced in the field of 
polymer science to explore the free volume distribution in materials and the depth profile 
of asymmetric membranes [27-30]. 
 
Figure 4.11 presents the raw spectra of lifetime counts obtained from a conventional 
PALS at the University of Missouri-Kansas City. In general, two parameters are utilized 
to interpret PALS data. τ represents the lifetime of annihilation while I signifies the 
intensity of the respective lifetime annihilation. Typically, three lifetime components 
generated from different annihilation processes can be obtained by deconvoluting a raw 
spectrum. τ1 (0.125 ns) is the lifetime of para-Positronium (p-Ps) (singlet state), while τ2 
(~0.4 ns) is the lifetime when free positrons annihilate without the formation of the 
positronium. These two parameters are the short lifetime components which are not 
closely related to the size or distribution of free volumes. To probe on the free volume 
character, the so-called pick-off ortho-Positroniums (o-Ps) with a longer lifetime τ3 
ranging from 1-5 ns is applied and its intensity I3 is generally associated to the quantity of 
free volume cavities [29]. Based on Equation 2, τ3 is correlated to the free volume cavity 
radius with the assumption of a spherical modal. From the raw spectra shown in Figure 
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4.11, the remarkable increase of counts reflects a prolonged lifetime component τ3. The 
enormous gaps between PHAA130 and PIBO220 and between PIBO300 and PBO350 
indicate that there are two major jumps of the lifetime values and their resultant free 




Figure 4.11: Normalized positron annihilation lifetime spectra of the TR films treated at 
different temperatures. One channel corresponds to 49.5 ps. 
 
By examining the raw spectra with PATFIT program which carries out the finite analysis 
by a discrete function [31], the lifetime parameters are resolved and the corresponding 
free volume radii are calculated as shown in Table 4.5. The jumps reveal a major 
increment of the average free volume size. PHAA130 films exhibit an average cavity 
radius of about 2.8 Å while PIBO films display a slightly larger free volume radius of 































to 4.3 Å. In view of chemical structure, the amide linkage is relatively flexible. Its high 
cohesive energy density tends to result in a closer polymer chain packing [32].
 
Hence, the 
free volume is small in PHAA film samples. Whilst for imide or benzoxazole, according 
to molecular dynamics and mechanics simulations results, the dihedral energy is 45±15° 
for the hydroxy-phenylene ring and the 0±10° for benzoxazole ring. This shows that 
imide and benzoxazole are highly rigid [33]. As a result, the regular alignment of polymer 
chains has been inhibited and larger free volume is resulted.  
 
Table 4.5: o-Ps lifetime (τ3), intensity (I3) and free volume radius calculated from 
PATFIT program.  
Sample  τ3 (ns)  Δτ3 (ns)  I3 (%)  ΔI3 (%)  R(Å)  ΔR(Å)  Variance  
PHAA130                                                                1.96 0.10 0.87 0.06  2.82  0.08  1.026  
PIBO220                                                                2.50 0.05 2.16 0.06  3.28  0.03  1.002  
PIBO300                                                                2.55 0.04 2.88 0.07  3.32  0.03  1.120  
PBO350                                                                3.22  0.09  7.18 0.51  3.78  0.04  1.052  
1.21  0.16  5.99  0.60  2.40  0.16  1.052  
PBO400                                                                3.93  0.11 6.70 0.44  4.21  0.04  1.099  
 1.45  0.13  6.55  0.36  2.55  0.12  1.099  
 
Besides the significant increment of the free volume radius, it is also worth noting that 
upon the completion of PBO formation, an additional cavity with smaller average size is 
observed for both PBO350 and PBO400 samples. To verify this observation, another 
program, MELT, which is based on the continuous decay function, is employed. MELT 
normally examines the free volume distribution. In Figure 4.12, the results obtained by 
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PATFIT are validated by MELT. Namely, PHAA130, PIBO220 and PIBO300 show a 
unimodal distribution while PBO350 and PBO400 display a vivid bimodal distribution. 
The bimodal distribution of free volume has been seen in many ultra permeable materials 
like poly[1-(trimethylsilyl)propine] (PTMSP) or poly[1-phenyl-2-[p-(triphenylsilyl)-
phenyl]acetylene] (PPhSiDPA) [34-36]. After probing the free volume of PTMSP, 
Consolati et al. challenged the unimodal distribution normally fitted for glassy polymers 
[36]. In another work, after studying the free volume distributions of a series of highly 
branched polyacetylenes, Yampolskii et al. explained that the bimodal distribution may 
be attributed to the large free volume elements within the polymer matrix and the smaller 
channels interconnecting the cavities. And the unimodal peak may be just owing to the 
convergence of the two peaks [34, 35].
 
In a recent study on TR-polymers, Han et al. also 
illustrated the similar observation for the bimodal distribution of the microporous TR-
polymer matrix [37]. Such bimodal distribution provides an optimal condition for fast 
and selective transport of gas molecules. The larger cavity allows faster diffusion and the 





Figure 4.12: Free volume size distribution obtained from MELT analysis of PALS data 
for (a) PHAA130, (b) PIBO220, (c) PIBO300, (d) PBO350 and (e) PBO400. 
 
Beside τ3, the other parameter for PALS analysis, I3, is elaborated herein. From Table 4.5, 
it seems that the value of I3 keeps increasing as well. But this apparent finding may not 
truly reflect the increment of free volume concentration. I3 is more affected by the 
chemistry of the polymer rather than the free volume concentration. It is only capable of 






























describing the free volume concentration when there is no strong chemical inhibition 
intervening [38]. Since imide, carboxylic acid and halogens are of electron rich 
structures, chemical inhibition phenomena can easily occur in these structural systems 
[26, 39]. When the positrons are trapped into these highly electrophilic environments, 
they will participate in the chemical bonding formation instead of bonding with the 
electrons around. Ultimately, the formation of Positroniums (Ps) is interfered and the 
intensity of the trapped Ps will be significantly reduced by the chemical effect. Therefore, 
since various chemical structures with inhibition effect are involved in this work, the free 
volume concentration of the polymers is not interpreted or compared by using I3.  
 
4.3.3 Gas transport properties 
Polymer inter-chain distance, free volume and polymer chain rigidity are essential 
parameters that influence gas transport properties. The evolution of chemical structure 
can induce changes to these parameters. As discussed in FTIR and XPS analyses, over the 
whole process of thermal cyclization, there are three major structures involved: amide, 
imide and benzoxazole. Polyamides generally exhibit low permeability since the polymer 
chains can pack efficiently [32]. Polyimides, especially those containing 
hexafluoroisopropylidene moieties, normally show a desired performance with both fast 
permeation and good permselectivity because the CF3 group can result in the interlocking 
of the planes which disrupts the regular packing of polymer chains and give rises to the 
larger FFV [12]. Polybenzoxazoles, owing to the high torsional energy and restricted 
chain segmental mobility, are expected to exhibit high permeability together with good 
selectivity. To explore the evolution of intrinsic gas transport properties, pure gas 
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permeation measurements were conducted with the sequence of He, H2, O2, N2, CH4 and 
CO2. The results are summarized in Table 4.6.  
Table 4.6: Pure gas permeation properties of thermally rearranged membranes. 
 







  O2 N2 CH4 CO2 
 
  O2/N2 CO2/N2 CO2/CH4 
PHAA130 21.6 13.7 0.60 0.10 0.05  2.12  
 
6.00 21.1 40.2 
PIBO200 33.4 22.2 1.54 0.24 0.10  5.06  
 
6.39 21.1 49.4 
PIBO220 56.4 41.7 2.86 0.46 0.20  9.65  
 
6.29 21.0 48.5 
PIBO300 124 104 8.93 1.53 0.69  30.2  
 
5.85 19.8 43.6 
PBO350 210 218 27.5 5.73 3.43  113  
 
4.80 19.7 33.0 
PBO400 558 663 98.1 23.8 17.4 456 
 
4.12 19.2 26.2 
*












Tested at 3.5 atm. 
 
In general, the permeability for each film sample follows the reverse sequence of kinetic 
diameter of the gas species, which is PHe (2.60 Å) > PH2 (2.89 Å) > PCO2 (3.30 Å) > PO2 
(3.46 Å) > PN2 (3.64 Å) > PCH4 (3.80 Å). From PHAA130 to PBO400, the gas 
permeabilities increase tremendously for all gases.  
 
In order to compare the different permeability increments achieved for gases with 
different kinetic diameters, Figure 4.13 plots the gas permeability increment in folds. 
From the pristine films to PBO400 films, different folds of increment have been obtained 
for different gases. The permeabilities for smaller gas species like He and H2 have been 
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enhanced by around 50 folds, while for larger gas species, the increments are much more 
explicit. CH4 permeability shows the largest increment, which is around 350 times.  
 
 
Figure 4.13: The relationship of gas permeability increment and thermal cyclization 
temperature. 
 
A significant finding to highlight is that the permeability increments show a stepwise 
alteration. As depicted in Figure 4.13, in the membrane obtained at a temperature below 
300 °C, gas permeabilities for difference gases show similar degrees of increment. 
However, with an increase in thermal cyclization temperature, much more distinguished 
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CO2 permeability increases by 15 folds while around 25 folds increment for CH4 
permeability.  
 
The changes are found consistent with the free volume changes. As shown in Table 4.5, 
the free volume radius also experiences stepwise changes. It increases by 17.6% from 
2.82 Å in PHAA130 to 3.32 Å in PIBO300. However, from PIBO to PBO, the 
predominant cavity radius continuously increases by another 26.8% and reaches 4.21 Å 
from PIBO300 to PBO400. Since the enlargement of free volume cavity radius provides 
more available pathways within the polymer matrix to allow speedy transportation. The 
free volume enlargement in each stage well explains the step change in permeability.  
 
In contrast to the permeability which increases with thermal treatment temperature, the 
ideal selectivity shows a different trend but it appears experiencing step (i.e., increasing 
and then decreasing) changes. Initially, the selectivity increases during the conversion, 
while from PIBO200 to PBO400, the selectivity decreases for all gas pairs presented. 
CO2/N2 selectivity reduces by 9.0% while O2/N2 and CO2/CH4 drops by a larger extent of 
35.5% and 47.0%, respectively. Such tendency is in fact accompanied with the expansion 
of free volume cavities and the average inter-chain distances. Considering the gas 
molecule sizes, the expansion of free volumes and the increment in d-spacing could 
introduce broader diffusion pathways. For initially inhibited transportation of larger 
molecules like CH4, the permeability will be increased by a large extent. However, such 
increment is not as effective for smaller gas molecules. Therefore, when a jump of free 
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volume size and inter-chain distance takes place from PIBO to PBO, the separation 
becomes less effective. 
 
CH4 is known as the major component in the natural gas and it is necessary to sweeten 
the natural gas stream prior to utilizing it as an energy source. O2 enrichment is also 
another crucial industrial process. Therefore, the separation efficiency for gas pairs of 
CO2/CH4 and O2/N2 are compared with Robeson‘s upper bounds so as to explore the 
potential applications of the TR-polymers [40, 41]. As depicted by Figures 4.14 and 
Figure 4.15, with the elevation of thermal cyclization temperature, the transport 
properties of the respective film samples shift towards the upper bound. PHAA and PIBO 
exhibit a relatively low performance which lies below the 1991 upper bound. 
Interestingly, when the higher temperature triggers the second step cyclization to 
approach completion, the PBO films performance is much improved and their 
transportation properties finally surpassed the 1991 upper bound. The performance 
transition shows a prospective direction for material design, considering the development 




Figure 4.14: Comparison of CO2/CH4 separation performance of the current thermally 
rearranged membranes with the Robeson‘s upper bound (1991 and 2008). 
 
 
Figure 4.15: Comparison of O2/N2 separation performance of the current thermally 





Employing the thermal rearrangement methodology, the stepwise structure alternation and 
the resultant property enhancement of an aromatic poly(hydroxyamide amic acid) has 
been thoroughly examined in this work. From poly(hydroxylamide amic acid) to the 
thermally arranged polybenzoxazole, the fundamentals of the evolution is extensively 
investigated from different aspects including thermal degradation, chemical structure 
changes, polymer chain packing, free volume distribution and gas transport properties. 
The TGA and DSC analyses have shown high thermal stability of the material. The TGA-
IR spectra reveal that the structure evolution involves both cyclodehydration and 
cyclodecarboxylation. The elemental analysis, FTIR spectra and XPS spectra confirm the 
occurrence of the structural conversion from 1) amic acid to the intermediate imide; 2) 
amide to benzoxazole and 3) imide to benzoxazole. The thermal cyclization degrees of 
PBO350 and PBO400 are shown more than 90% as proven by XPS. Considering the 
significant enlargement of free volume size and inter-chain d-spacing, the tremendous 
enhancement in gas permeability PBO400 film samples are well understood.  
 
Overall, though the selectivities of gas pairs present a typical trade-off relationship with 
permeabilities, the performances of the current thermally cyclized polymers are still 
attractive as they are comparable to the Robeson upper bound. In conclusion, the gas 
separation efficiency is tailored by appropriate thermal rearrangement of the polymer 
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CHAPTER 5: Effect of thermal history and thermal crosslinking on 
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Huan Wang, Tai-Shung Chung, The evolution of physicochemical and gas transport 
properties of thermally rearranged polyhydroxyamide (PHA), Journal of Membrane 
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5.1 Introduction and objective  
The degree of conversion usually increases with thermal treatment temperature [1-3]. It is 
a key factor that affects the gas performance directly [1-3]. However, the effects induced 
by high temperature treatment other than the conversion of thermal cyclization are yet to 
be elucidated. 
 
In this work, we aim to explore the effects other than structure rearrangement induced by 
high temperature treatment. In order to exclude the effect of thermal cyclization degree, a 
polyhydroxyamide (PHA) was employed as the precursor, since PHA can reach a high 
conversion rate at a significantly lower temperature (300 °C) and decomposes at a high 
temperature (> 500 °C). The thermal cyclization of PHA membranes was conducted at 
four temperatures, 300 °C, 350 °C, 425 °C and 450 °C. In order to understand the effect 
of temperature, chemical structure transformation, thermal stability, physical properties, 
gas transport performance and sorption behavior of the resultant membranes were 
characterized thoroughly and reported in details.  
 
5.2 Experimental 
5.2.1Synthesis of polyhydroxyamide 
The polymer precursor, polyhydroxyamide (PHA), was synthesized via the 
polycondensation routine. 15 mmol of purified BisAPAF was the dissolved in 35 mL of 
NMP in a 100 mL conical flask equipped with nitrogen purging inlet and outlet. After 
complete dissolution, 33 mmol of pyridine was added into the solution dropwise. Then, 
the solution was cooled to 0 °C in an ice-water bath, followed by the addition of 15 mmol 
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of BPDC powder. HCl generated from the reaction between amine and carbonyl 
dichloride was neutralized immediately by the excess pyridine in the solution. The ice-
water bath was then removed after 1 h of polymerization and the viscous solution was 
stirred continuously under nitrogen blanket for 8 h at room temperature. The resultant 
solution was precipitated and the polymer was washed in methanol for 3 times in order to 
remove the solvent, unreacted monomers and the impurities. Subsequently, the polymer 
was filtered and dried in a conventional oven at 60 °C for 12 hr.  
  
5.2.2 Membrane fabrication and thermal rearrangement procedures 
The dense films were obtained by the solution casting method. A 5 wt % solution was 
prepared by dissolving 1 g of polymer into 19 g of DMF. After being stirred overnight, the 
solution was filtered by a 0.45 µm PTFE membrane filter and cast into a 15-cm Petri dish. 
Then the solution was covered with an aluminum foil sheet and held in a conventional 
oven at 80 °C for 24 h to evaporate the solvent. In order to remove the residual solvent 
completely, the nascent film was peeled off, sandwiched between two wire mesh sheets 
and further dried in a Heraeus vacuum oven (Thermo Fisher Scientific Inc.) by practicing 
the following protocol: (a) hold at 75 °C for 4 h, (b) increase the temperature at a rate of 
25 °C/2 h till 200 °C, (c) hold at 200 °C for 24 hr and (d) naturally cool down to room 
temperature. The obtained films are of a thickness in the range of 30-50 µm.  
 
Thermal cyclization of the membrane was carried out in a Centurion
TM
 Neytech Qex high 
vacuum furnace (ultimate vacuum: 0.002 mbar, chamber volume: ~500 cm
3
). The furnace 
was preheated to the target temperature (300 °C, 350 °C, 425 °C or 450 °C) followed by 
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the insertion of the pristine PHA membrane. The membrane was held at the temperature 
for 0.5 h and immediately quenched at room temperature. The characterizations and gas 
transportation property measurements were carried out within 24 h.  
 
Except the precursor PHA, the samples are named as PBO300, PBO350, PBO425 and 
PBO450 where PBO indicates the polymer type (polybenzoxazole) while the numbers 
denotes the thermal cyclization temperature. The reaction schemes for polymer synthesis 
and thermal cyclization reaction are shown in Figure 5.1. 
 
 



























NMP, 0  C for 1 h
RT for 12 h
300  C, 350  C, 425  C or 450  C  







The thermal cyclization process and the thermal stability of materials were characterized 
by TGA (TGA 2050, TA instrument) over a temperature range of 25 °C to 700 °C. 
Besides, TGA isothermal experiments were also conducted to each sample by following 
the protocol: (1) ramp from 25 °C to 200 °C at a rate of 10 °C/min; (2) isotherm at 200 
°C for 30 min to remove trace amounts of solvents and moisture; (3) ramp from 200 °C to 
the respective thermal cyclization temperature at a rate of 100 °C/min and (4) isotherm 
for 30 min. These experiments are to simulate the thermal treatment process.  
 
The glass transition temperatures (Tg) of films were measured by DSC (DSC 822
e 
(Mettler Toledo)) over a temperature range of 25 °C to the thermal rearrangement 
temperature for the respective PBO samples except for PBO300 which was ramped to 
350 °C since its Tg was not detected till 300 °C. For PHA, the DSC operating temperature 
range was from 25 °C to 250 °C. A total of two heating-cooling cycles were conducted 
and Tg was obtained from the second heating cycle. All TGA and DSC measurements 
were carried out under nitrogen purge at a thermal ramping rate of 15 °C/min.  
 
The procedures for ATR-FTIR, XPS, pure gas permeation properties, XRD and sorption 
tests follow the same ones as described in Chapter 3. 
 
5.3. Results and Discussion 
5.3.1 Characterization results 
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The polyhydroxyamide (PHA) precursor was synthesized via low temperature 
polycondensation between the bisaminophenol and the carbonyl dichloride. The structure 
for PHA is verified by 
1
H NMR spectroscopy and the analysis is shown in Figure 5.2. 
Amide protons (H1) are most deshielded and therefore, they appear at the downfield with 
the resonance of 10.4 ppm. The signal at 9.6 ppm is assigned to the hydroxyl protons. 
The aromatic protons on BisAPAF and BPDC (H3-H5) are represented by the resonances 
at 7.0 – 8.1 ppm. The structural determination of PBO samples by NMR spectroscopy is 




































From GPC analyses, the number-average (Mn) and weight-average (Mw) molecular 
weight of PHA are determined to be 85,000 g/mol and 251,000 g/mol, respectively. The 
inherent viscosity of PHA was measured in NMP solution and determined to be 0.60 
dL/g. The as-synthesized PHA powder can be dissolved by many aprotic solvents 
including dimethylacetamide (DMAc), dimethylsulfoxide (DMSO), DMF and NMP, but 
it does not dissolve in most of the polar protic solvents such as methanol, water and 
acetic acid. In this work, DMF was selected as the solvent for film casting, since it has a 
relatively low boiling point which will ease the removal of residual solvent during the 
drying process. 
 
The pristine films were thermally cyclized at different temperatures in order to induce the 
chemical structure transformation. Since the structures of PBO300, PBO350, PBO425 
and PBO450 are hardly determined by NMR, ATR-FTIR analysis was chosen as an 
alternative method to characterize the structures. The area of C–F bonds around 1254 cm-
1 
is used to normalize the spectra. Figure 5.3 shows the ATR-FTIR spectra for the 
samples. The amide linkage of PHA is characterized by peaks at 1655 cm
-1
 and 1540 cm
-
1
, which denote the C=O stretching and the N–H bending together with C–N stretching, 
respectively [4, 5]. After thermal rearrangement, the spectra differ significantly from that 







 and 1617 cm
-1
 emerge. Based on literature [6-8], these 
four peaks characterize the vibration of benzoxazole rings, which indicates that a new 
structure, benzoxazole, has been formed by thermally cyclizing hydroxyamide.  The peak 
at 1052 cm
-1





 are the absorbing bands of benzoxazoles [7, 8] whereas the band at 1617 cm
-1 
is attributed to the C=N stretching.  
 
 
Figure 5.3: ATR-FTIR spectra of (a) PHA ,(b) PBO300, (c) PBO350, (d) PBO425 and 
(e) PBO450 films. 
 
It is interesting to notice that each characteristic peaks for the benzoxazole ring on the 
spectra of PBO300, PBO425 and PBO450 show approximately equal intensities. Since 
the spectra have been normalized, it is considered that similar degrees of thermal 
conversion from PHA to PBO have been achieved, though the thermal cyclization 













In order to determine the degree of conversion quantitatively, TGA isothermal 
experiments were carried out and the results are shown in Figure 5.4. Theoretically, 
around 6.29 wt% weight loss will be generated owing to the cyclodehydration reaction. 
Based on the ratio of experimental weight loss to the theoretical weight loss, the degree 
of conversion can be readily obtained. However, from Figure 5.4, it is found that the 
weight losses all exceed the theoretical value except that for PBO300. In order to explore 
the possible reasons, TGA-IR analyses have been conducted to investigate the 
compounds released during the isotherm process. In Figure 5.5, surprisingly, it is 
observed that a small amount of CO2 is evolved following the release of H2O vapor. This 
implies that there may be other mechanism(s) occurring simultaneously besides the 






Figure 5.4: TGA isothermal experiments simulating thermal rearrangement process. 
 
 
Figure 5.5: TGA-IR spectra of the exhausts released during the isothermal experiments 





























loss by dehydration 
reaction: 6.29 %



























Khanna et al. have investigated the thermal degradation behavior of polyamides and their 
model compounds [9]. They claimed that at the relatively low pyrolysis temperature 
(below 450 °C), there is the hydrolytic reaction taking place which would cleave the 
amide linkages and generate –COOH and –NH2 end groups. Since PHA belongs to the 
category of polyamide, a similar mechanism would take place. Therefore, it is presumed 
that during the thermal rearrangement of PHA, some of amide linkages may have been 
hydrolytically cleaved and at a higher thermal cyclization temperature, the thermally 
instable –COOH groups would degrade, which finally results in the evolving of CO2 as 
well as a crosslinked polymer matrix. The possible reaction scheme has been proposed as 
shown in Figure 5.6. Depending on the degree of hydrolytic cleavage of the amide 



















































Since there is other mechanism going on along with the thermal cyclization, it would be 
difficult to determine the degree of thermal conversion quantitatively by TGA analyses. 
Therefore, XPS analyses, which could provide the composition of a specific functionality 
according to the peak area of its corresponding binding energy, were conducted to N1s 
spectra of PBO samples and the results are shown in Figure 5.7. The binding energy 
399.9 eV is assigned to –CO–NH– and –CO–NH2 while 399.2 eV is for –N=C– bond. By 
following Eq. 3.2, the degree of thermal conversion was found to be 90.8%, 91.7%, 
92.2% and 91.8% for PBO300, PBO350, PBO425 and PBO450, respectively. Hence, it is 
reasonable to declare that the degree of conversion is nearly identical. 
    
 
 
Figure 5.7: XPS N 1s spectra of the surfaces of (a) PBO300, (b) PBO350, (c) PBO425 































































































As a supplementary characterization to verify the degree of thermal conversion, 
elemental analyses are also carried out to the sample films and Table 5.1 lists the results. 
The minor discrepancy between the theoretical values and the detected element contents, 
in fact, implies that high degrees of conversion are achieved in the PBO samples, which 
further supports the XPS analyses. 
 
Table 5.1: Elemental analyses results for precursor and thermally rearranged membranes 
 
Sample  C wt%  H wt%  N wt%  F wt%  
found  calculated
* 
 found  calculated
* 
 found  calculated
* 
 found  calculated
* 
 
PHA  58.04  (60.80)  3.37  (3.14)  4.71  (4.89)  21.12  (19.92)  
PBO300  65.22  (64.88)  2.63  (2.61)  5.29  (5.22)  21.91  (21.25)  
PBO350  65.27  (64.88) 2.55  (2.61) 5.34  (5.22) 22.69  (21.25) 
PBO425  65.84  (64.88) 2.41  (2.61) 5.23  (5.22) 21.25  (21.25) 
PBO450 65.75  (64.88) 2.47  (2.61) 5.51  (5.22) 21.51  (21.25) 
* 
Assume complete conversion  
 
It is worth noting that the degree of conversion in the membrane thermally cyclized at 
300 °C has reached as high as 90.8 %. It is known that the conversion for most TR-
membranes to PBO can be only obtained at a higher temperature above 400 °C [1, 10]. 
The contradiction between the current work and literature may be explainable because 
different precursor structures and thermal rearrangement processes are utilized. In Calle 
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and Lee‘s work [10], an ortho-positioned polyimide was employed as the TR-precursor. 
During thermal rearrangement, cyclization occurs between the imide ring and the 
neighboring hydroxyl group. As reported by Tullos et al. [11, 12], this decarboxylation 
reaction was triggered only at a relatively high temperature (> 350°C). However, in the 
present work, the thermal rearrangement occurs between the amide-linkage and the 
nearby hydroxyl group. As different functionalities and the dissimilar thermal cyclo-
reaction mechanisms are involved, the cyclization temperatures for completely molecular 
rearrangement are different. Besides, other works on thermal rearrangement of 
polyhydroxyamide show similar observation [2, 3, 13]. In a report on fluorinated 
polybenzoxazoles, Okamoto et al. successfully carried out the thermal cyclodehydration 
at a temperature range of 280 to 300 °C [3]. In addition, Hsu et al. thermally converted a 
polyhydroxyamide to the PBO structure at 350 °C during the preparation of 
polybenzoxazole fibers [14]. Hence, it appears that polyhydroxyamide belongs to a 
category of TR polymers that their thermal cyclization may take place at low 
temperatures, which differs from the ortho-positioned polyimides. 
 
Nevertheless, it should be noted that the nearly identical conversion of PBO samples does 
not necessarily represent the similar thermal, physical and transport properties of the 
samples. Therefore, it is worthwhile to further explore how thermal treatment temperature 
impacts on these properties.  
 
The thermal properties of the samples were studied by TGA and DSC. The results are 
summarized in Table 5.2 and the TGA curves are shown in Figure 5.8. Td5 increases as 
122 
 
PHA was converted to PBOs. This indicates that the thermal stability of membranes has 
been improved, which may be attributed to the formation of heterocyclic structure during 
thermal rearrangement. Among the PBO samples, similar thermal decomposition 
properties have been reflected by both the analogous Td5 values and char yields. Hence, it 
is deduced that thermal cyclization of PHA at different temperatures in between 300 °C 
and 450 °C has resulted in films with similar thermal stability. It should be pointed out 
that there is a small amount of degradation observed for PHA, PBO300 and PBO350 
samples at around 400 °C on the derivative weight curves. As indicated by the extracted 
TGA-IR curves as shown in Figure 5.9, this type of drop is probably caused by the 
decarboxylation reaction occurring at the hydrolytic-cleavage generated –COOH groups 
as aforementioned. For PBO425 and PBO450 samples, since the decarboxylation might 
be completed during thermal treatment, no further drops are observed prior to polymer 
decomposition. 
 
Table 5.2: Thermal properties of PHA, PBO300,  PBO350, PBO425 and PBO450 films 
measured under nitrogen atmosphere. 
Sample Tg (°C) Td5 (°C) Char Yield (%) 
PHA 232 546 65.3 
PBO300 322 555 69.7 
PBO350 328 551 69.4 
PBO425 345 559 72.2 






Figure 5.8: TGA curves of PHA and PBO membranes. 
 
 
Figure 5.9: TGA-IR spectra of the exhausts evolved at different temperatures by testing 


































































The glass transition temperatures (Tg) of the samples were determined from DSC 
measurements. It is shown that Tg of the pristine PHA film is 232 °C while Tg of PBO 
samples are 322 °C, 328 °C, 345 °C and 352 °C for PBO300, PBO350, PBO425 and 
PBO450 samples, respectively. The high Tg of PBO samples implies that the local-
segmental rotation of benzoxazole structure is more restricted than the pristine 
hydroxyamide structure. Among the PBO samples, it can be seen that Tg of the resultant 
film increases along with the increment of thermal cyclization temperature. This 
demonstrates that a higher thermal cyclization temperature has resulted in a more rigid 
polymer matrix. This is most probably caused by a higher degree of thermal crosslinking 
which occurred at a higher thermal cyclization temperature. In addition, it is considered 
that different thermal histories may also play an important role in affecting the Tg. 
Therefore, in view of the changes in Tg, thermal cyclization temperature has impacted on 
the final polymer rearrangement and the suppression of polymer chain segmental rotation 
is observed in a membrane cyclized at a higher temperature.  
 
Besides thermal properties, the polymer inter-chain distance which has a significant 
impact on the gas transport properties, is investigated as well. Figure 5.10 shows the 
XRD curves of PHA film and the PBO films. The broad XRD halos indicate that the 
samples are entirely in the amorphous state. According to the Bragg‘s equation, the 
pristine PHA film exhibits an average inter-chain distance of 5.1 Å corresponding to its 
predominant peak at 2θ = 17.2 °. After thermal cyclization, the predominant peak shifts 
towards smaller 2θ range, which indicates that the average inter-chain distances of the 
film samples have increased by thermal rearrangement. Nevertheless, by comparing the 
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XRD bands of PBO300, PBO350, PBO425 and PBO450 films, it is speculated that they 
have nearly identical augments in d-spacings since the broad halos are located at a 2θ 
value of around 16.1 ° (d-spacing = 5.8 Å). This indicates that similar inter-chain distance 
of polymer chains exists in four thermally rearranged PBO samples.  
 
 
Figure 5.10: XRD curves of films with thermal treatment at different temperatures (a) 
PHA, (b) PBO300, (c) PBO350, (d) PBO425 and PBO450. 
 
Table 5.3 tabulates density and fractional free volume (FFV) of the sample. Since the 
mechanism of thermal crosslinking is hardly to be verified and its resultant chemical 
change is not dominant, the FFVs for the PBO samples are calculated by assuming a 
completed conversion for the purpose of reasonable comparison. Upon thermal 
rearrangement, the density of PBO is lower than the precursor PHA and their FFVs 
increase significantly in accordance to the thermal rearrangement temperature. This 










phenomenon can be explained by the different polymer inter-chain interaction in PHA 
and PBO. PHA belongs to the amide category and its polar amide (-CONH-) linkage is 
known to exhibit strong hydrogen bonding [15]. This in turn could draw the polymer 
chains closer and eventually result in a more densified polymer matrix with a smaller free 
volume. With the conversion to PBOs, the original reinforced polymer chain packing 
induced by the strong hydrogen bonding is greatly interrupted. Additionally, the rigid-rod 
backbone of the heterocyclic PBOs also inhibits the regular alignment of polymer chains 
since high torsion energy is needed for the rotation of a benzoxazole ring. As a result, the 
fractional free volume of the cyclized PBOs film is larger than the pristine PHA film and 
the chain packing density of PBOs is smaller.  
 
Table 5.3: Physical properties of PHA and PBO films at 25 °C. 



















PHA  1.424  267.9  402.1  0.134  
PBO300 1.318 252.1  407.0  0.195  
PBO350 1.314 252.1  407.0  0.198  
PBO425  1.306  252.1  410.9  0.202  
PBO450  1.277  252.1  420.2  0.220  
 
As the thermal cyclization temperature increases from 300 °C to 450 °C, the FFV of the 
PBO samples ascends. It is known that FFV increases with the degree of thermal 
cyclization [2]. However, in the present work, since similar degrees of thermal 
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cyclization (~ 91 %) have been achieved, this factor is eliminated. Therefore, being the 
only variable, thermal cyclization temperature has played a vital role in the thermal 
rearrangement process. 
 
In order to interpret the effect of temperature on membrane physical properties, two 
aspects, thermal history and thermally-induced crosslinking, are considered. The 
alteration in thermal history influences the free volume formation. As revealed by the Tg, 
all the conversion of PHA to PBOs occurred at temperatures above the Tg of PHA (232 
°C). During thermal cyclization at the respective temperatures (300 °C, 425 °C, 450 °C), 
PBO300 transits from the rubbery state of PHA to the glass state of PBO300, while 
PBO350, PBO425 and PBO450 are always at rubbery state. It is considered that the 
sudden quenching of the polymer at a temperature far above its glass transition could 
freeze more microvoids in its glassy state [13, 16]. Therefore, the FFV is higher in 
PBO450. This phenomenon is in analogue to the different amounts of FFVs rendered by 
different cooling protocols [13, 17]. Besides, the different thermal crosslinking induced at 
different cyclization temperatures may also influence the spatial rearrangement of 
polymer chains as well as the microvoids formation. It is not necessary that crosslinking 
would densify the polymer matrix. In a recent work by Qiu et al, with the thermally 
induced decarboxylation in a 6FDA–DAM:DABA membrane, more open matrix was 
found [18]. Hence, it is postulated that at a higher temperature, more thermally induced 
inter-chain crosslinking may occur as there is frequent intermolecular interaction. The 
highly crosslinked matrix may be able to constrain the free rotation of polymer chains 




5.3.2 Gas transport properties 
The pure gas permeation tests were conducted for H2, O2, N2, CH4 and CO2 at 35 °C. 
Table 5.4 compares the gas permeabilities and the ideal selectivities for selected gas pairs 
in the sample films. In general, the gas permeability follows the reverse trend of gas 
molecule kinetic diameter, which is PHe > PH2 > PCO2 > PO2 > PN2 > PCH4.  
 
Table 5.4: Pure gas permeation properties of thermally rearranged membranes at 35 °C 
and 10 atm. 
Sample Permeability  (Barrer)   Ideal Selectivity  
H2
*
  O2 N2 CH4 CO2 
 
O2/N2 CO2/N2 CO2/CH4 
PHA 22.1 1.54 0.24 0.13  5.76  
 
6.5  24.2  43.0 
PBO300 94.6 11.1 2.28 1.56 44.7 
 
4.9 19.6 28.6 
PBO350 149 19.9 4.42 3.48 84.2 
 
4.5 18.9 24.0 
PBO425 223 35.2 10.1 8.53 183 
 
3.5 18.1 21.4 
PBO450 526 105 30.3 28.9 532 
 
3.5 17.6 18.4 
*
 Data were obtained at 3.5 atm 
 
In the pristine PHA membrane, owing to the high chain packing density, gas 
permeabilities are low. Conversely, after thermal rearrangement, gas permeabilities in 
PBO films are higher. The CO2 permeability in PBO300 film is around 7.8 times of that 
in a PHA film. The gas permeabilities increase along with the increase of thermal 
rearrangement temperature. From PBO300 to PBO450, CO2 permeability further 
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increases by 11.9 folds. However, similar to the typical trade-off behavior of other 
polymers, the ideal gas selectivities for the listed pairs including CO2/CH4, CO2/N2 and 
O2/N2 drop to some extent. As shown in Figure 5.11, the overall performance of CO2/CH4 
does not surpass the recent upper bound but approaches it in the membranes thermally 
cyclized at a higher temperature. 
 
 
Figure 5.11: Comparison of CO2/CH4 separation performance of the thermally rearranged 
membranes with the Robeson‘s upper bound (2008).  
 
In order to understand the enhancement in gas permeability and the reduction in 
selectivity, sorption and diffusion behaviors were investigated for a gas pair of CO2 and 
CH4 by equilibrium sorption tests. Table 5.5 compares the permeation, solubility and 






























Table 5.5: Gas transport parameters of thermally rearranged membranes at 35 °C and 10 
atm. 





PCO2/PCH4  SCO2/SCH4 DCO2/DCH4 
CH4  CO2  CH4  CO2  CH4  CO2  
PHA  0.13  5.76  1.52  3.81  0.09  1.51  43.0  2.51  17.1  
PBO300  1.56  44.7  1.83  5.21  0.85  8.58  28.6  2.85  10.0  
PBO425  8.53  183  2.22  6.07  3.85  30.1  21.4  2.74  7.83  
PBO450  28.9  532  2.68  6.73  10.8  79.1  18.4  2.51  7.35  
 
Due to the stronger condensability, the solubility coefficient of CO2 is higher than that of 
CH4. The diffusivity of CO2 is higher as well and this is attributed to the smaller 
penetrant size of CO2. Sorption and diffusion behaviors in CH4 and CO2 shown similar 
trends from PHA to PBOs with both of the solubility coefficients and diffusion 
coefficients increase upon thermal rearrangement. This evidently indicates that the pure 
gas permeability enhancement in TR polymers is credited to both sorption and diffusion 
augments. With the elevation of thermal cyclization temperature, the simultaneous rises 
in sorption and diffusion coefficients are observed. However, by comparing between 
these two coefficients, it can be seen that the increment in diffusivity is more 
predominant than in sorption. From PHA to PBO450, the sorption coefficients of both 
CH4 and CO2 have increased less than two folds while the diffusion coefficients 
increments are much more pronounced, which are 119 folds and 52 folds for CH4 and 
CO2, respectively. These results can be well correlated to the FFV enlargement of the 
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membranes. Both sorption and diffusion can be influenced by the change in FFV [19-21]. 
With an augmented FFV, the sorption level increases preferentially since there are larger 
or more sorption sites available. Meanwhile, as larger pathways are open, it is not 
surprising that gas molecule movement becomes faster and therefore, the diffusion 
coefficients increase remarkably.  
 
Being another important parameter describing the membrane separation effectiveness, 
selectivity is also analyzed. The permeability selectivity (PCO2/PCH4) is derived by the 
multiplication by the solubility selectivity (SCO2/SCH4) and the diffusivity selectivity 
(DCO2/DCH4). As shown in Table 5. 5, it has decreased by almost half in PBO450 as 
compared to that in PHA film. The reduction in permeation selectivity is ascribed to the 
impact mainly from diffusivity selectivity. As discussed earlier, the enlargement of FFV 
enhances the gas permeabilities, but this in turn would reduce the efficiency in 
discriminating the penetrants of different sizes. Since more big molecules could permeate 
through the polymer matrix, it is not surprising that the diffusivity selectivity decreases in 
large extent.  
 
Through thermal rearrangement, the pristine PHA structure is converted to the PBO 
structure. Associated with the chemistry change, there is an alteration in both polymer 
chain rotation and packing. As proven by the high Tg, local inter-segmental rotation for 
the heterocyclic benzoxazole chains obtained at a higher temperature is more difficult. 
Consequently, it is probable that more unrelaxed free volume can be generated. In order 
132 
 
to examine this phenomenon, CO2 and CH4 sorption isotherms shown in Figure 5.12 are 




Figure 5.12: (a) CH4 sorption isotherms and (b) CO2 sorption isotherms in pristine and 

































































Equilibrium gas sorption in a glassy polymer at a temperature below its Tg is widely 
described by the dual-mode sorption model [16, 22-25]. It is proposed that two 
concurrent mechanisms, dissolution and hole-filling, occur simultaneously in gas sorption 
process [24, 26]. The dissolution follows the Henry‘s law and occurs in the so-called 
Henry sites which consist of the densified regions of the polymer. However, the hole-
filling process follows the Langmuir isotherm and saturates the Langmuir sites formed by 
the microvoids or the excess free volume generated from the polymer chain packing 
defects. The overall sorption is illustrated as a sum of Henry sorption (CD) and Langmuir 
sorption (CH) as shown in Eq. 2.8a and Eq. 2.8b. 
 
The dual mode parameters of CH4 and CO2 for PHA films and PBO films are tabulated 
and compared in Table 5.6. It can be seen that both the Henry dissolution (kD) and the 
Langmuir sorption capacity (C
’
H) have increased with increasing thermal rearrangement 
temperature. This indicates that the chemistry and structure alteration induced at a high 
temperature has inspired more gas dissolution in the polymer chain segments at both the 
equilibrium state (Henry) and the microvoids (Langmuir). From physical properties, it 
appears that at a higher thermal cyclization temperature, a larger FFV is generated. From 
Table 5.6, it can be seen that both Henry sites and Langmiur sites contributed to the 
increase in FFV. The Langmuir capacity (C
’
H) could be enlarged by the unrelaxed 
volume generated by crosslinking as well as physical quenching. However, Henry‘s 
dissolution coefficient (kD) and Langmuir affinity constant (b) are merely affected by the 
chemical structure of the polymer [16]. As benzoxazole is the main structure in the PBO 
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samples, the changes in kD and b reflect that different polymer matrix structures may be 
induced by the inter-chain thermal crosslinking at different temperatures. 
 
Table 5.6: Dual-mode sorption parameters of the pristine and the thermally rearranged 
membranes at 35 °C. 
















CH4 0.211  11.62  0.265  
CO2 0.862  24.25  0.472  
PBO300 
CH4 0.251  20.63  0.127  
CO2 1.154  35.40  0.380  
PBO425  
CH4 0.323  23.10  0.145  
CO2 1.356  40.32 0.411  
PBO450  
CH4 0.415  24.93  0.189  
CO2 1.510  44.59  0.418  
 
5.4 Conclusions 
With almost the same degree of thermal conversion, the evolution of physicochemical 
properties and gas transport properties under thermal rearrangement of a 
polyhydroxyamide (PHA) has been examined as a function of conversion temperature.  
The experiments reveal that all the membranes have attained similar chemical structure, 
degree of thermal conversion, thermal stability and the average inter-chain distance after 
being thermal cyclized at 300 °C, 350 °C, 425 °C or 450 °C. However, variations in 
membrane density and fraction free volume (FFV) demonstrate that the thermal 
cyclization temperature has a great impact on the chain packing density and the formation 
of microvoids. It is proposed that different thermal histories and thermal crosslinking 
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processes induced by different temperatures have resulted in the deviations. Following 
the trends in FFV, pure gas permeabilities increase markedly from PBO300 to PBO450. 
Such enhancement is attributed to the augments in both gas solubility and diffusivity, 
while the diffusion increment dominates particularly for the big molecules such as CH4. 
The analysis from dual-mode sorption model further demonstrates that both Henry 
sorption and Langmuir sorption have increased along with the thermal cyclization 
temperature and contribute to the amplification of fractional free volume. 
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CHAPTER 6: Effect of purge environment on thermal rearrangement 




































This chapter is published in the following article 
 
H. Wang, D.R. Paul, T.-S. Chung, The effect of purge environment on thermal 




6.1 Introduction and objective  
Several factors can influence the thermally rearrangement process. Park et al. [1], Wang 
et al. [2] and Sanders et al. [3] showed that increasing the rearrangement temperature 
results in a higher conversion of the precursor polymer to polybenzoxazole (PBO). Ong 
et al. [4] claimed that the duration of thermal treatment is less influential on the 
conversion of the thermally rearranged (TR) films compared to the effect of treatment 
temperature. Yeong et al. [5] demonstrated that the incorporation of a cardo moiety into 
the polymer backbone improves the gas separation performance of the TR polymer based 
on 3,3‘-dihydroxy-4,4‘-diamino-biphenyl (HAB) and 2,2‘-bis-(3,4-dicarboxyphenyl) 
hexafluoropropanedianhydride (6FDA). Han et al. [6] showed evidence that different 
imidization routes during the synthesis process of the pristine polyimides could also 
affect the physical and gas separation properties of the TR polymers. Clearly, both 
process parameters during thermal rearrangement and precursor properties could 
influence the structure conversion and the separation performances of the resultant TR 
films.  
 
The thermal rearrangement of an ortho-functional polymer is usually conducted under 
vacuum or in inert gas purge [1-3, 7, 8]. On the other hand, thermal rearrangement in air 
or in the presence of some amount of oxygen may be a simpler and more economical 
process since the absolute exclusion of oxygen will increase the cost of the membrane 
fabrication process. Thus, we examine the effect of purge atmosphere on the thermal 
rearrangement of two ortho-functional polymers in this study. Two purge media, nitrogen 
and air, were used for the thermal rearrangement.  The precursors selected for this study 
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were an ortho-functional polyamide and an ortho-functional polyimide. In addition to 
evaluating the pure gas separation performance of the resultant materials, the thermal 




6.2.1 Syntheses of ortho-functional polyamide and ortho-functional polyimide 
The ortho-functional polyamide (o-PA) follows the same procedures described in section 
5.2.1. The ortho-functional polyimide (o-PI) was synthesized from 6FDA and HAB. The 
HAB (10 mmol) was dissolved in 30 mL NMP under a nitrogen atmosphere. After 1 h, 
6FDA (10 mmol) powder was added and the solution was stirred for 3 h to form a viscous 
ortho-functional poly(amic acid) (o-PAA) solution at room temperature. Subsequently, 
the imidization was carried out following the chemical imidization approach. Acetic 
anhydride (40 mmol) was added into the o-PAA solution dropwise, followed by the 
addition of excess amount of anhydrous pyridine (45 mmol). After reacting for 8 h, the 
solution was precipitated and the o-PI polymer was washed three times in 2 L methanol 
and dried in a vacuum oven at 60 C overnight. The dry polymer powder was stored in a 
dry box with relative humidity of 26 %. 
 
6.2.2 Thermal rearrangement procedures 
Thermal rearrangement of the ortho-functional polyamide (o-PA) and the ortho-
functional polyimide (o-PI) films were conducted in a Centurion
TM
 Neytech Qex furnace 
under nitrogen or air atmosphere (purge flow rate: 500 mL/min). Films of 3-cm diameter 
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were heated at a rate of 20 C/min from room temperature to 200 C and held for 10 min 
to evaporate the solvent residual. Subsequently, the sample film was heated to 300 C or 
425 C at a rate of 20 C/min and held at the target temperature for 30 min; afterwards, 
the film was immediately quenched in the ambient atmosphere. The characterization and 
the gas permeation tests were conducted within 12 h. 
 
The possible reaction schemes for polymer synthesis and thermal rearrangement are 
shown in Figures 6.1 and 6.2. The detailed discussion about the reactions will be 
elucidated in sections 6.3.1 to 6.3.2. The samples are named according to the chemical 
structure and thermal treatment conditions. For example, for APBO300-N2, APBO 
indicates the polymer structure (amide-derived polybenzoxazole), 300 denotes the 





Figure 6.1: Reaction schemes for the synthesis of the ortho-functional polyamide and its 
thermal rearrangement. 
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The thermal transitions of the films were characterized by DSC (DSC 822
e
 (Mettler 
Toledo)) using various heating environments. The temperature was ramped at 20 C/min 
from 25 C to 600 C. TGA analyses (TGA 2050, TA instrument) were conducted 
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following two heating protocols: (a) ramp over the temperature range from 25 to 800 C 
at a rate of 20 C/min under nitrogen or air purge; (b) apply the same heating protocol for 
thermal rearrangement of the sample films as illustrated in section 6.2.2. In both DSC and 
TGA measurements, the flow rate of purge gas was maintained at 100 mL/min.  
 
Other characterization and measurements were conducted by following the same 
procedures described in Chapter 3.  
 
6.3 Results and Discussion 
6.3.1 Polymer synthesis 
The ortho-functional polyamide (o-PA) was synthesized by reacting the amine with the 
carbonyl chloride. The hydroxyl group may also react with the carbonyl chloride, as 
reported for the synthesis of polyesters via acylation [9]. However, it is unlikely that this 
would occur in the presence of the amino groups. In an aminophenol,  the amino group 
usually has a much higher basicity than the hydroxyl group. For example, for 2-
aminophenol, pKa of the amino group is 9.97 while that of the hydroxyl group is 4.7 [10]. 
This suggests that the amine has much higher reactivity towards the acidic chloride in the 
competition with the hydroxyl group. The formation of the ortho-funcational polyamide 
has been confirmed by 
1
H NMR in our previous paper [11]. The inherent viscosity of the 
resultant polymer is 0.58 dL/g with a concentration of 0.5 g/dL in NMP at 25 C and its 




The ortho-functional polyimide (o-PI) was synthesized via the chemcial imidization 
approach. The acetic anhydride was added as the dehydration agent to facilitate the 
closure of imide rings during the synthesis process. At the same time, acetic anhydride 
also reacts with the hydroxyl group at the ortho position via acetylation. As a result, the 
o-PI comprises the methyl acetate at the ortho position as shown in Figure 7.2. The 
details about the structural analysis has been well reported elsewhere [5, 8, 12]. The 
inherent viscosity of the o-PI polymer is 1.12 dL/g at 25 C in NMP. The intrisic 
viscosity of the o-PI polymer is 1.12 dL/g with a concentration of 0.5 g/dL in NMP at 25 
C and the molecular weight is 52,100 g/mol (Mw) with a polymer dispersity (Mw/Mn) of 
2.2. 
 
6.3.2 Characterization results 
Both ortho-functional polyamide (o-PA) and ortho-functional polyimide (o-PI) can be 
thermally converted to polybenzoxazoles (PBO). For an o-PA, the PBO is formed via the 
inter-molecular cyclodehydration reaction between the hydroxyl group and amide linkage 
by thermally treating the o-PA solid at 250 C – 350 C under vacuum or nitrogen purge 
[11, 13-18].  
 
Though the structure changes of o-PI films are still under debate, it is worthwhile to 
investigate the effects that could influence film properties, because the gas separation 
performance of the o-PI derived TR films is of great interest. Hence, in this section, the 




6.3.2.1 DSC analyses 
Figures 6.3 and 6.4 show the scans of the first heating cycle of the o-PA and o-PI films 
under different gaseous environments, respectively. 
 
In o-PA films, the proceeding of thermal rearrangement, as shown by the broad peaks in 
Figures 6.3a and 6.3b, occur in very similar temperature ranges (220 – 350 C) under the 
two different atmospheres. The enthalpy changes involved are also very comparable. 
These observations reveal that the presence of oxygen does not induce significant 
thermo-oxidative reaction until temperatures around 450 C. In other words, the purge 
environment does not affect the thermal rearrangement of o-PA films.  
 
When the heating temperature goes higher than the rearrangement region for the o-PA 
films, exothermic transitions are observed. The associated enthalpy changes are quite 
different with the two purge environments. The heat flow occurred at around 500 C 
increases rapidly and a much larger amount of heat is released when the films are 
exposed to air. The transition around 500 C may not be related to the thermal 
rearrangement process, since the conversion of o-PA to PBO is almost complete at 






Figure 6.3: DSC thermograms (first heating curve) of (a) o-PA films under N2 purge, (b) 
o-PA films under air purge. 
 
Figure 6.4 shows the DSC thermograms of o-PI films monitored under different purge 
gases. The two scans in Figures 6.4a and 6.4b differ notably. The thermal rearrangement 





































































































by the broad endothermic peaks from 250 to 400 C. Since this temperature range is very 
close to the thermal degradation range, minor thermal degradation might take place when 
the o-PI film is held at 425 C. For the films treated under air purge, there is no 
distinguishable endothermic peak at the temperature lower than 400 C. This indicates 
that oxygen influences the thermal rearrangement of o-PI. The conversion of o-PI to PBO 
in air purge is very limited as compared to the o-PI film treated in nitrogen purge, as 
indicated by the invisible endothermic peak in Figure 6.4b. At around 350 C, a major 
exothermic process commences and this is accompanied with a large amount of heat 
dissipation. This implies that other side reactions have taken place simultaneously in air 






Figure 6.4: DSC thermograms (first heating curve) of (a) o-PI films under N2 purging, (b) 




















































































6.3.2.2 TGA isotherms 
Figures 6.5a and 6.5b show the TGA curves for the o-PA and o-PI films, respectively. 
Both the o-PA films and the o-PI films show a similar weight loss up to 500 C. The 























































































































Figures 6.6 to 6.8 show TGA isotherms obtained from TGA experiments that simulated 
the thermal rearrangement processes of the respective o-PA and o-PI films under the two 
purge environments. Since the conversion of o-PI takes place at a higher temperature 
range (350-450 C), both 300 C and 425 C were chosen to treat the o-PA films, so that 
a comprehensive comparison can be made between the o-PA and o-PI films. 
 
As seen in Figure 6.6, the weight loss curves almost overlap each other for the o-PA films 
held at 300 C. Around 6.0 % weight loss is observed in the films after being held for 30 
min. However, the curves in Figure 6.7 show different losses when the heating 
temperature is maintained at 425 C. About 10.8 % weight loss is observed for the film 
under air purge while for nitrogen purge, the loss is about 8.2 %. Theoretically, 6.3 % 
weight loss should be expected for water release in the conversion from o-PA to PBO. 
The excess amount of weight loss incurred for the films treated in nitrogen is probably 
attributed to the decarboxylation reaction of the end carboxylic acid groups that are 
generated from the hydrolytic cleavage of amide groups by water molecules released 
from the conversion of hydroxylamide to benzoxazole during thermal rearrangement [11]. 
There is an additional amount of weight loss in the films treated in air at 425 C. This 
may indicate that other reactions may be induced by the presence of oxygen and/or 





Figure 6.6: TGA isothermal experiments simulating the thermal rearrangement process of 
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Figure 6.7: TGA isothermal experiments simulating the thermal rearrangement process of 
o-PA films held at 425 C in different purge gases.  
 
Figure 6.8 shows TGA results for o-PI films treated with different purge gases. As the 
temperature is ramped from 300 C to 425 C, the weight losses for both films are similar. 
However, the weight losses gradually deviate as the isothermal duration is prolonged. 
Finally, around 13.4 % and 16.0 % weight losses are incurred in the films treated under 
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Figure 6.8: TGA isothermal experiments simulating the thermal rearrangement process of 
o-PI films at 425 C in different purge gases. 
 
6.3.2.3 FTIR and XPS analyses 
Figure 6.9 shows the ATR-FTIR spectra for the rearranged APBO films. The intensities 
of the spectra have been normalized with the characteristic peak of C-F bond at 1253 cm
-
1









 and 1618 cm
-1
 where the peaks at 1053 cm
-1
 and 1188 cm
-1
 are attributed to 
the acetoxy structure (aromatic–O–CO) [2, 19], the peaks at 1477 cm-1 and 1558 cm-1 are 
caused by the absorbing bands of benzoxazole rings [20] while the band at 1618 cm
-1
 is 
due to the C=N stretching [21, 22]. As shown in Figure 6.9, the ATR-FTIR spectra of the 
resultant films show almost identical patterns, regardless of the treatment temperature and 
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intensities and no peak denoting a new structure shows up. Nevertheless, since FTIR only 
provides a qualitative comparison and IR has its limitation to detect the vibration or 
rotation of the symmetric bonding, complementary analysis was conducted to further 
characterize the structure. 
 
 
Figure 6.9: ATR-FTIR spectra of (a) APBO300-N2, (b) APBO300-air, (c) APBO425-N2 
and (d) APBO425-air films. 
 
According to XPS analysis of the film surface, the chemical environments of carbon, 
nitrogen and oxygen elements are altered during thermal rearrangement. Due to the 
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containing structures, nitrogen was chosen for analysis. Figure 6.10 shows the raw and 
deconvoluted N1s spectra of the sample films. During thermal rearrangement, the 
chemical environment of nitrogen is converted from the amide –N– to the benzoxazole –
N=. The binding energies of 400.1 eV and 399.2 eV are assigned to the respective 





Figure 6.10: Comparison of XPS raw spectra of films thermally rearranged under 
different purge atmospheres: (a) APBO300 films, (b) APBO425 films and the 



































































In Figure 6.10a, it can be seen that the curves for APBO rearrangement at 300 C in air 
versus nitrogen almost overlap with each other. After deconvolution, the ratios of 
benzoxazole –N= to amide –N– are about 85:15 and 87: 13 for the APBO300-N2 film and 
APBO300-air film, respectively. The similarity of these values confirms that the purge 
environment at 300 C does not much affect the chemical structure change of o-PA films.  
 
However, for o-PA films treated at 425 C, there is an obvious gap between the raw N1s 
spectra as shown in Figure 6.10b. The chemical structures of the films treated in the two 
purge environments are different at this higher temperature. Upon deconvolution (Figure 
6.10d), a larger proportion of the peak at 400.1 eV appears in the APBO425-air film than 
that in the APBO425-N2 film. There are several possible causes for this observation. At 
425 C, it is possible that some new structures overlapping at the same binding energy 
evolved under air purge and therefore, the proportion of the peak at 400.1 eV increases. 
The reduced amount of benzoxazole –N= can also result in an increment of the relative 
proportion of its counterpart. Most aromatic polymers exhibit high thermal stability under 
inert atmosphere at a temperature around 400 C. However, they usually become unstable 
in air since an accelerated oxidative degradation may take place at a higher temperature 
[23]. Thus, it is postulated that the benzoxazole groups formed via thermal rearrangement 
may partially degrade in air, which amplifies the relative small proportion of the amide 
peak at 400.1 eV.  
 
Figure 6.11 shows the ATR-FTIR spectra for TR IPBO films. The peaks at 1371, 1718 
and 1782 cm
-1
 characterize the imide structure. The strong intensities of these three peaks 
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indicate that the conversion from the acetate-substituted imide to the benzoxazole group 







 and 1618 cm
-1
 characterizing the benzoxazole structure are 
observed in both films, while the intensities are low. The whole spectrum pattern of the 
IPBO425-N2 film shows similar characteristics as the IPBO425-air film. However, the 
XPS measurements show different results. 
 
 
Figure 6.11: ATR-FTIR spectra of (a) IPBO425-N2 and (b) IPBO425-air films.  
 
Figure 6.12 shows the results of XPS N1s analyses. As shown in Figure 6.12a, a major 
peak at 399.2 eV is seen in the raw spectrum of the IPBO425-N2 film, while a broad 










raw spectra, the spectrum of the IPBO425-N2 film can be resolved into two individual 
peaks as indicated by the ones at 399.2 eV and 400.6 eV which denote the benzoxazole 
structure and the imide structure, respectively. However, the deconvolution of the 
IPBO425-air film at the same characteristic binding energies is unacceptable unless an 
additional peak at 398.6 eV is included.  
 
 
Figure 6.12: Comparison of (a) XPS raw spectra of IPBO425 films thermally rearranged 
under different purge atmospheres and (b) their deconvoluted spectra. 
 
Based on the available XPS characteristic binding energies for the N1s functional forms 
[24-26], the new peak at 398.6 eV could be attributed to the 6-membered pyridinic 
nitrogen or neutral imine-based nitrogen [25, 26]. Figure 6.13 illustrates their structures. 
The pyridinic nitrogen is usually generated by restructuring at the imide ring during 
pyrolysis at a high temperature [24, 27]. Since the TR temperature (425 C) is not 
sufficiently high to cause significant degradation, it is unlikely that the pyridinic nitrogen 
can be formed. The formation of the neutral imine structure is more complicated. It can 







































Alternatively, it may be also formed as an intermediate structure generated from the 
opening of the imide ring at a relatively high temperature [28]. In the air purge, the 
polymer chains become unstable and radicals could be generated in the solid film when it 
is treated at 425 C. Since the radicals can induce degradation of polymer chains by 
breaking the imide ring, the imine linkage may be formed by means of the intra-chain 
reaction along the amide linkage (from imide opening) by losing oxygen and hydrogen 
radicals at the amide linkage. 
 
 
Figure 6.13: Possible nitrogen functional forms with a binding energy of 398.6 eV. 
 
In Figure 6.12, it is also observed that the proportions of characteristic peaks differ 
significantly for the IPBO425 films. The proportion of the peak at 400.6 eV becomes 
much higher in the IPBO425-air film.  This indicates that a larger amount of imide 
structure has not been thermally converted during air purge. In other words, the TR 
conversion from the ortho-functional imide to the polybenzoxazole is strongly inhibited 











Compared to o-PA films, the structure changes of o-PI films are affected in a more 
pronounced way by the presence of oxygen. In o-PA films, the introduction of oxygen 
does not affect the rearrangement of o-PA to PBO. However, in o-PI films, the degree of 
conversion from o-PI to PBO is much lower than that in o-PA films. According to the 
weight loss by TGA (Figure 6.7), only around 54 % of conversion is achieved in the 
IPBO425-N2 film, assuming that the weight loss incurred by thermal degradation can be 
neglected. The degree of conversion for the IPBO425-air film cannot be determined since 
the oxidative degradation of imide structure contributes a significant amount of weight 
loss and the formed PBO structure may also degrade and increase the weight loss. 
However, it is certain that the degree of conversion of the film treated in air is even lower, 
as indicated by the non-distinguishable heat change in DSC thermogram (Figure 6.4b) 
and the smaller proportion of benzoxazole structure shown by the XPS analyses (Figure 
6.12b). In o-PI films, the oxidative degradation of both the ortho-functional imide and the 
formed benzoxazole and the conversion of o-PI to PBO take place almost at the same 
time when. Therefore, the resultant PBO structure is much reduced. 
 
6.3.2.4 Tensile properties 
The tensile properties of APBO films treated under different conditions were measured 
and the results are summarized in Table 6.1. The pristine o-PA film shows slightly better 
tensile properties. After thermal rearrangement, the tensile properties of APBO300 films 
are very similar; whereas APBO425 films show visibly different tensile properties for 
samples prepared under different purge gases. As compared to the APBO425-N2 film, the 
elongation at break and the modulus of the APBO425-air film are lower by 24 % and 
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26 %, respectively. The XPS analyses in Figures 6.10b and 6.10d have shown that the 
proportion of benzoxazole group decreases in the APBO425-air film. Thus, it is quite 
probable that the benzoxazole group formed in the APBO425-air film may have been 
partially oxidized in air. As a result, the tensile properties deteriorate. On the other hand, 
the decrease in mechanical properties may also result from a larger degree of cleavage at 
amide linkage in the presence of air that occurred simultaneously during the conversion 
of the hydroxyl amide to the benzoxazole group.  
 
Table 6.1: Mechanical properties of the APBO films. 
 
Sample Elongation at 
break (%) 
Max. Tensile Stress 
(MPa) 
Modulus (GPa) 
o-PA 11.2±0.12  93.1±2.9  2.77±0.24  
APBO300-N
2
 9.0±0.55 90.1±8.4 2.54±0.27 
APBO300-air 9.2±0.67 93.7±7.5 2.69±0.34 
APBO425-N
2
 10.0±1.1 83.9±10.4 2.62±0.36 
APBO425-air 7.4±0.26 81.7±3.1 1.99±0.57 
 
The tensile properties of IPBO films were not measured, because the films were too 
fragile for sample preparation for tensile tests. Upon thermal rearrangement, the 
mechanical robustness of IPBO425 films deteriorates extensively. The IPBO425-N2 film 





6.3.3 Pure gas permeation properties 
The pure gas permeation properties of H2, CO2 and CH4 of the resultant APBO and IPBO 
films were measured at 35 C. Table 6.2 tabulates the gas permeabilities and the ideal 
selectivities. In general, the permeability follows the reverse trend of the kinetic diameter 
of the gas molecules: PH2 > PCO2 > PCH4.  
 












 CH4 CO2 
*




APBO300-N2 108 1.60 53.6 48.8 
 
2.02 30.6 
APBO300-air 111 1.88 58.4 51.8 
 
1.89 27.6 
APBO425-N2 256 5.12 156 136 
 
1.67 23.8 
APBO425-air 324 7.57 208 175 
 
1.56 23.1 





 411 4.94 241 217 
 
1.70 43.8 
* Data were obtained at 3.5 atm. 
 
As shown in Table 6.2, the APBO300 films prepared under different purge environments 
show comparable gas permeabilities and selectivities. Both the gas permeability and 
selectivity do not differ much. However, the APBO425 films show rather different gas 
permeation properties. Compared to the APBO425-N2 film, the gas permeabilities of 
each gas for the APBO425-air film are higher by almost 20 % while the ideal selectivities 
are slightly lower by about 2-6 %. Thus, it appears that the purge environment does not 
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significantly affect the pure gas permeation properties for an o-PA film thermally 
rearranged at a lower temperature (300 C); whereas, quite different properties are 
obtained when the thermal treatment temperature is higher (425 C).  
 
For the IPBO425 films, the permeabilities of the films treated in air are higher than those 
treated in nitrogen by 38.9% for H2, 20.0% for CH4 and 35.9% for CO2 (measured at 10 
atm). The ideal selectivity of H2/CO2 is the same for both samples while the ideal 
selectivity of CO2/CH4 in the IPBO425-air film is significantly higher than that in the 
IPBO425-N2 film. 
 
Figure 6.14 compares the CO2/CH4 gas permeation performance of the resultant films 
with the Robeson‘s upper bound [29]. In general, the film treated at a higher temperature 
shows a better performance and the IPBO425 films exhibit better performance than 
APBO films. On the other hand, it also can be seen that the one treated in air shows a 
better performance as compared to its counterpart in terms of a higher permeability. The 
performance of the IPBO425-air film almost surpasses the typical trade-off line, which is 





Figure 6.14: Comparison of CO2/CH4 separation performances of the resultant 
membranes with the Robeson‘s upper bound (2008). 
 
Compared to the APBO425 films, the gas permeation properties of IPBO425 films show 
more prominent differences. This indicates that the purge environment has a greater 
effect for the IPBO425 films. The conversion of o-PA to PBO is completed at around 300 
C. Thus, the thermal dwell at 425 C would have a greater effect on the stability of the 
derived PBO and the hydrolytic cleavage of amide linkages, which finally results in 
different physicochemical properties and the gas transport properties. In contrast, the 
conversion from o-PI to PBO happens at a higher temperature range. The thermal 
rearrangement at the ortho-position group still continues at 425 C. Meanwhile, the 






























structure and eventually results in the degradation of polymer chains. The oxidative 
degradation induced by the presence of air is believed to change the permeation 
properties. Thus, the gas permeation properties of IPBO425 films differ more in IPBO 
films as compared to APBO films. 
 
6.4 Conclusions 
The effects of purge atmosphere on the thermal rearrangement of an ortho-functional 
polyamide (o-PA) and an ortho-functional polyimide (o-PI) towards polybenzoxazole 
(PBO) have been investigated. The purge atmosphere does not affect the thermal 
rearrangement of o-PA films but does affect the conversion of o-PI films. The chemical 
structure and pure gas permeation properties of o-PA films thermally arranged at 300 C 
under air and nitrogen are almost identical, while the o-PA film treated in air at 425 C 
shows a larger weight loss and higher gas permeabilities than that treated in nitrogen. 
This may be ascribed to the instability of the derived polybenzoxazole under air purge 
and the higher degree of the decarboxylation reaction at the carboxylic groups due to the 
hydrolytic cleavage at amide linkages.  
 
Since the thermal rearrangement of o-PI films starts at a higher temperature, they were 
thermally treated at 425 C only. The DSC thermogram indicates that the presence of 
oxygen interferes with thermal rearrangement of the o-PI and the XPS analyses shows 
that the air purge results in significant film degradation as indicated by the formation of 
the imine structure. As a result, the o-PI film thermally rearranged in air shows improved 
gas permeation properties but deteriorated mechanical properties. Although the thermal 
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rearrangement in air is a simpler process, the trade-off between gas permeation properties 
and film mechanical properties needs to be considered for future development in terms of 
process optimization and scale-up. In summary, the current work has shown that the 
purge environment plays an important role in the thermal rearrangement process of an 
ortho-functional polyimide while its impact on an ortho-functional polyamide is not so 
pronounced.   
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CHAPTER 7: Effect of incorporation of cardo moiety on thermal 
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7.1 Introduction and objective 
In spite of thermal rearrangement conditions discussed in the previous chapters, the 
structural properties and separation capability of thermally rearranged polybenzoxazole 
(TR-PBO) also depend on the chemical structure of the dianhydride and diamine 
monomers used for the polyimide precursors [1-5]. As mentioned, the TR-PBO 
membranes derived from 4,4‘ (hexafluoroisopropilidene)diphthalic anhydride (6FDA) 
and 2,2‘-bis(3-amino-4 hydroxyphenyl)hexafluoropropane (bisAPAF) exhibited the 
highest gas permeabilities among all the TR-PBO membranes [2]. Alternative approaches 
to achieve fine tune of the properties of TR-PBO membranes including synthesis of 
poly(benzoxazole-co-imide) [4], incorporation of pyrrolone [5] and incorporation of ether 
moiety into the polymer backbone have been reported so far [3]. 
 
Numerous approaches that can be attempted to design TR-PBO membranes with different 
structure-property relationships. These greatly prompted us to investigate the possibility 
of improving the intrinsic properties of the TR-PBO structure by incorporating the rigid 
moiety so as to increase the overall polymer chain rigidity. ―Cardo‖ represents ―loop‖ in 
Latin. ―Cardo polymers‖ which refer to polymers containing loop shaped moieties in 
main chains were pioneered in the early 1960th [6-8]. Introduction of bulky or ―cardo‖ 
moieties into polyimide backbone has been proposed and attempted by many researchers 
to increase the chain rigidity and thermal stability [9-15] and the significant enhancement 
has been recognized. Thus, we intend to synthesize a novel TR-PBO copolymer bearing 
the stiff and bulky cardo moiety, which may combine the advantages of both benzoxazole 




A series of new ortho-functional cardo-copolyimide with different compositions of 
cardo-diamine, 9,9-bis(3-amino-4-hydroxyphenyl)fluorene (BisAHPF), were synthesized 
and subsequently thermally rearranged to cardo-copolybenzaxole membranes. The 
changes of the chemical structure and physical properties were systematically 
investigated by a number of proper analytical techniques. The structure-property 
relationship on the enhancement in gas permeation performance was highlighted. It is 
believed that this work would provide valuable insights to molecular-design advanced 
membrane materials for energy development and CO2 capture. 
 
7.2 Experimental 
7.2.1 Synthesis of polyimide and cardo-copolyimide 
Cardo-copolyimides were synthesized by polycondensation of 6FDA, 3,3‘-dihydroxy-
benzidine (HAB) and BisAHPF with various molar ratios of HAB: BisAHPF at 95:5, 
90:10, 85:15, 70:30 and 50:50.  For example, to synthesize 6FDA-HAB(95)-
BisAHPF(5), 4.75 mmol of HAB and 0.25 mmol of BisAHPF were dissolved in 12.8 mL 
of NMP in a 50 mL conical flask equipped with nitrogen inlet. After the diamines have 
been completely dissolved, 5 mmol of 6FDA was added into the solution and stirred for 3 
h in an ice bath. The intermediate cardo-copolyamic acid was then chemically imidized to 
cardo-copolyimide by adding in 21.2 mmol acetic anhydride and 25.8 mmol pyridine. 
Subsequently, the solution was stirred at room temperature for 12 h to complete the 
imidization. The resultant cardo-copolyimide was precipitated into 1 L methanol. After 
being washed with methanol for three times over 2 days, the polymer was dried in a 
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vacuum oven at 60 °C overnight and stored in a desiccator before use. The non-cardo 
polyimide and cardo-polyimide were synthesized by adopting the similar procedures but 
altering the diamine monomers compositions. 
 
7.2.2 Membrane casting and thermal rearrangement procedures 
The precursor cardo-copolyimide membranes were prepared by solution-casting solvent-
evaporation method. 0.5 g synthesized polymer was dissolved in 9.5 g DMF for 2 h to 
obtain a homogeneous solution. The solution was filtered using an 1.0 µm PTFE 
membrane filter and cast in a petri dish of 8-cm in diameter. The as-cast membrane was 
left in a conventional oven at 80 °C to slowly evaporate the solvent. After 12 h, the 
nascent membrane was peeled off and placed into a vacuum oven to remove the solvent 




°C at a rate of 25 °C/h, followed 
by being held at 200
 
°C for 12 h. 
 
To obtain cardo-copolybenzoxazole membranes, the precursor membranes were 
subjected to thermal treatment at 425 °C for 30 min in a high vacuum furnace 
(Centurion
TM
 Neytech Qex, ultimate vacuum: 0.002 mbar, chamber volume: ~500 cm
3
). 
The furnace was preheated to 425 °C before membrane insertion. After thermal treatment, 
the films were quenched in atmosphere immediately and stored in a desiccator. The 
membranes with a thickness of 80-100 µm were used for gas permeation tests.  
 
Figure 7.1 shows the reaction scheme of polymer synthesis and thermal rearrangement. 
The non-cardo polyimide, cardo-copolyimide and cardo-polyimide were coded as PI, 
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CPIc (m:n) and CPI, respectively, whereas non-cardo polybenzoxazole, cardo-
copolybenzoxazole and cardo-polybenzoxazole were coded as PBO, CPBOc (m:n) and 
CPBO, respectively. m:n represents the molar ratio of HAB:BisAHPF. 
 
 
Figure 7.1: Reaction scheme for cardo-copolyimider synthesis and its conversion to 















(425  C, 30 minutes) 
Cardo-copolybenzoxazole (CPBOc (m:n)) 
178 
 
The detailed procedures for NMR analysis, XPS analysis, DMA measurement, density 
measurement, pure/mixed gas permeation tests and gas sorption measurements have been 
described in Chapter 3. 
 
The thermal degradation process of films was investigated by thermal gravimetric 
analysis using TGA 2050 (TA instrument). The analysis was conducted under nitrogen at 
a flow rate of 100 ml/min and all the films were subjected to a ramping rate of 15 °C/min 
from room temperature to 800 °C.  
 
7.3   Results and discussion 
7.3.1 Preparation of polymers and membranes 
The molecular weight and the distribution were measured by GPC by dissolving the 
polymers in DMF. However, the value obtained is not reported since the molecular 
weight (Mw) of most of the polymers has exceeded the measurement limits. Instead, the 
inherent viscosities of the synthesized polymers are summarized in Table 7.1. The 
polymers exhibit inherent viscosities ranging from 0.64 to 1.13 dL/g. With the increase of 
BisAHAF composition, the inherent viscosity decreases. This may indicate a reducing 








Table 7.1: Precursors synthesized in the present work  









All the polymers prepared are readily dissolved in DMF. The pristine films are flexible 
with good mechanical strengths for the further tests. The pictures of the pristine CPIc 
(90:10) and its thermally converted CPBOc (90:10) films are shown in Figure 7.2. As 
seen, the light yellowish CPIc (90:10) turns dark-brown after thermal treatment. But the 
derived film (CPBOc (90:10)) is still transparent and flexible with reasonably good 
mechanical strength. This phenomenon is also observed for copolymer films of other 
compositions of cardo moieties.  
 
Figure 7.2: Pictures of a precursor membrane and a thermally cyclized copolymer 
membrane (
*




7.3.2. Characterization results 
7.3.2.1 Structural analyses 
1
H NMR analyses were performed to verify polymer structures. Figure 7.3 shows the 
1
H 
NMR spectra for the precursor non-cardo polyimide (PI), cardo-copolyimide (CPIc) and 
cardo-polyimide (CPI). Three peaks corresponding to the 6FDA moiety are observed in 
all precursors (7.82, 8.00, 8.22 ppm for PI (3a), 7.86, 7.99, 8.24 ppm for CPIc (90:10) 
(3b) and 7.88, 7.95, 8.10 ppm for CPI (3c)). The peak at 2.17 ppm is attributed to the 
pedant acetate-groups, which were formed owing to the acetylation of –OH group with 
acetic anhydride during imidization. In Figure 7.3a, the characteristic peaks at 7.69, 7.79 
and 7.83 ppm representatives the aromatic protons in the HAB moiety. From Figure 7.3c, 
the resonances at 7.07, 7.29-7.35, 7.40, 7.54 and 7.67-7.73 ppm reflect the protons of the 
cardo moiety in CPI. The peaks at 7.07 and 7.29-7.35 are attributed to the aromatic 
protons close to the acetate group. Nevertheless, the resonances at 7.40, 7.54 and 7.67-







*OH residual = 1.2 % 








H NMR (DMSO-d6, 300 MHz) spectra of precursor (a) PI,  (b)
 
CPIc (90:10) 




H NMR spectrum of CPIc (90:10) (Figure 7.3b) shows all the characteristic peaks 
corresponding to protons in 6FDA, HAB and BisAHPF moieties. The calculated HAB: 
BisAHPF ratio from this spectrum is in agreement with the experimental HAB: BisAHPF 
ratio of 90:10. 
 
In Figure 7.3, it is also seen that there is a weak signal in the downfield (~10 ppm) which 
may correspond to the proton of –OH group.  The appearance of the hydroxyl residual 
indicates that the acetylation is not completed with the presence of the excess amount of 
acetic anhydride was used during polymer synthesis. Based on integration, the mole 
percentages of the –OH residual are 2.7 mol%, 1.2 mol% and 5.0 mol% in the PI, CPIc 
and CPI samples, respectively. Since the amount of the unconverted –OH group is trivial, 




it would be reasonable to assume that the slightly varied degrees of acetylation will not 
cause significant changes to the resultant thermally rearranged films. 
 
In order to further investigate the chemical structures of the samples, the solid state 
13
C 
CP/MAS NMR was also conducted for samples PI, CPIc (90:10) and CPI and the spectra 
are displayed in Figure 7.4. The characteristic resonance for imide carbonyl at 166 ppm 
was observed in all the samples. This confirms that the imide structures have been 








Figure 7.4: Solid-state 
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After thermal rearrangement, the structure of TR films are examined by the solid-state 
13
C CP/MAS NMR. As seen in Figure 7.5, a new peak at around 162-164 ppm appears in 
all three samples. This characteristic signal indicates that the benzoxazole group has been 
formed upon thermal treatment. The peak at 109 ppm is attributed to the carbon ortho to 
heterocyclic oxygen [16, 17].  
 
Figure 7.5: Solid-state 
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Figure 7.6: XPS 1N core-level scan spectra for (a) precursor and (b) thermally cyclized 
membranes. 
 
Figure 7.6 shows the XPS analyses to the near-surface of films before and after being 
thermally rearranged. To determine the degree of conversion, the areas of the 
characteristic peaks are integrated and the composition of benzoxazole structure is 
determined from the area composition of the respective structure (see Eq. 3.2). 
 
Table 7.2 tabulates the results. All TR films show similar compositions of benzoxazole, 


















compositions in the structure does not significantly affect the conversion of imide to 
benzoxazole structure.  
 




Mole % at binding energy 
399.2 eV  400.6  eV 
PBO 81.5 18.5 
CPBOc (95:5) 82.0 18.0 
CPBOc (90:10) 81.1 18.9 
CPBOc (70:30) 81.4 18.6 
CPBOc (50:50) 82.8 17.2 
CPBO 80.5 19.5 
*
thermally treated at 425 °C for 30 minutes 
#
determined based on peak area under the curve 
       
 7.3.2.2 Thermal properties 
The thermal stabilities of membranes were investigated by TGA and the curves are 
displayed in Figure 7.7. With reference to Figure 7.7a, the TGA curves of precursor 
membranes, PI, CPIc and CPI exhibit stepwise thermal transformation, where the 
changes in the first and second steps are associated with broad weight losses from 350-
500 °C and 500-600 °C, respectively. The evidence for thermal cyclization of imide to 
benzoxazoles is reflected by the first weight loss, while the second weight loss is mainly 


















Figure 7.7b shows TGA curves of PBO, CPBOc and CPBO films. The thermally treated 
membranes only show major degradation. The films are of excellent thermal stability 
since its decomposition commences at around 500 °C. The increase in molar composition 
of cardo moiety has resulted in an increase in Td and char yield. The Td and char yield for 
CPBOc membranes are in the range of 558 - 568 °C and 60.3 - 65.7 %, respectively, 
which are higher than those of PBO films with Td of 544°C and char yield of 59.4 %. 
These results indicate that the incorporation of a bulky cardo moiety into polymer 
backbone has significantly enhanced the thermal stability of benzoxazole structure. 
 
The glass transition temperature (Tg) of precursor films were determined by dynamic 
mechanical analyses (DMA). The plots of tan δ as a function of temperature are shown in 
Figure 7.8. The single tan δ peak proves the homogeneity of the copolymers. The 
temperature at the maximum tan δ represents the glass transition temperature. As shown 
in Figure 7.8, the incorporation of the cardo moiety brings about the change in Tg values. 
In general, the incorporation of bulky-cardo moiety increases the chain rigidity which 
restricts the free rotation of the polymer backbone as shown by the higher Tg as compared 
with its original PI membrane [18]. However, it is interesting to note that the Tg of 
copolymer slightly decreases from 318 °C to 315 °C with the incorporation of 10% cardo 
group.  
 
After thermal rearrangement, Tg of the resultant PBO, CPBOc and CPBO films could not 
be detected by DMA up to 450 °C. This indicates that the benzozaxole structure consists 
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of higher rigid structure. In addition, the thermal cyclization process may induce inter-
chain crosslinking which will increase Tg of thermally rearranged films as well.  
 
Figure 7.8: DMA analyses of the precursor films. 
 
7.3.2.3 Intersegmental distance 
The intersegmental distance of the pristine and TR films was investigated by wide-angle 
X-ray diffraction (WAXD). Figure 7.9 shows the XRD patterns of the precursor 
membranes (Figure 7.9a) and their corresponding TR films (Figure 7.9b). All the films 






























Figure 7.9: Wide-angle X-ray diffraction patterns of (a) precursor and (b) thermally 
cyclized membranes. 
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Fig. 10. Wide-angle X-ray diffraction patterns of (a) precursor and (b) thermally cyclized  
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In Figure 7.9a, the d-spacing values of CPIc films are generally higher than that of PI and 
CPI films. This indicates that the incorporation of cardo moiety may induce loose chain 
packing and subsequently, lead to an increase in the average d-spacing. As compared to 
Fig. 7.9a, the d-spacing of the PBO films shown in Fig. 7.9b increase noticeably after the 
thermal cyclization process. The thermal cyclization process results in a wider 
intermolecular distance which enlarges the d-spacing of polymer chains. The d-spacing 
values of PBO and CPBO are 6.2 Å and 6.0 Å, respectively, while those of CPBOc are in 
the range from 6.4 to 6.6 Å. Although various loadings of cardo moieties does not cause 
significant differences in the d-spacing, the CPBOc with 10 mol% of cardo moiety shows 
the greatest peak shift.  
 
7.3.2.4 Physical properties 
Table 7.3 summarizes the densities and fractional free volumes (FFVs) of PBO, CPBOc 
and CPBO membranes. The densities of films were obtained by assuming the full 
conversion of imide. CPBOc films show lower density as compared to PBO and CPBO 
films and the FFVs of CPBOc films are higher than those of PBO and CPBO films. This 
means that the incorporation of cardo moiety into the polymer backbone has caused more 
accessible cavities in the copolymer matrix. The densities of CPBOc are in the range of 
1.295-1.358 g/cm
3










Density (ρ), g/cm3 Fractional Free Volume, FFV 
PBO 1.379 0.154 
CPBOc (95:5) 1.358 0.165 
CPBOc (90:10) 1.295 0.202 
CPBOc (85:15) 1.338 0.172 
CPBOc (70:30) 1.341 0.166 
CPBOc (50:50) 1.337 0.162 
CPBO 1.344 0.144 
*
thermally rearranged at 425 °C for 30 minutes 
 
#
accuracy = ± 0.04% 
+
estimated by assuming 100% conversion 
 
Table 7.3 shows that an increment of 31 % in FFV is obtained for CPBOc (90:10) films 
as compared with PBO films. However, a further increase of cardo moiety composition 
does not continue enlarging the FFV. The FFV decreases from 0.202 to 0.162 as the 
cardo moiety increases from 10 mol% to 50 mol%. These demonstrate that 10 mol% of 
cardo moiety is adequate to alter the fractional free volume effectively, while an 
overloading or insufficient loading of cardo moiety only leads to minor increments in 
fractional free volume due to least variation on the cavity size.   
 
This phenomenon may be explained by the steric repulsion among cardo moieties. A 
sufficient amount of cardo moiety in polymer chains could effectively optimize the steric 
repulsion of the adjacent cardo moieties which twists the cardo-loops out of plane [13]. 
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As a result, the twisted conformation increases the flexibility of polymer chain linkages 
and increases the fractional free volume. In addition, twisted conformation induced by the 
cardo moieties could provide additional cavities and thus increase the FFV. Nevertheless, 
the presence of an excessive amount of the larger cardo moiety would occupy the free 
volume cavity, which gradually compromises the impact on FFV enlargement. 
Furthermore, with a higher loading of cardo groups, the charge transfer effect (CTC) 
induced during thermal treatment may also contribute to the high packing density as 
observed in the films containing a higher loading of cardo groups. 
 
7.3.3 Pure gas permeation properties 
The incorporation of cardo moiety into polymer chains has resulted in drastic changes in 
physical properties which may benefit gas permeation. Table 7.4 summarizes the pure gas 












































PBO 407 62.7 14.3 9.2 296 4.4 32.1 20.7 28.5 44.1 
CPBOc (95:5) 1189 227 57.1 41.7 1079 4.0 25.9 18.9 20.8 28.5 
CPBOc (90:10) 1479 316 83.6 65.0 1539 3.8 23.7 18.4 17.7 22.8 
CPBOc (85:15) 1254 264 69.3 58.7 1306 3.8 22.2 18.8 18.1 21.4 
CPBOc (70:30) 1191 255 68.2 60.5 1238 3.7 20.5 18.2 17.5 19.7 
CPBOc (50:50) 945 190 49.2 44.1 935 3.9 21.2 19.0 19.2 21.4 
CPBO  371 54.2 11.8 9.2 255 4.6 27.7 21.6 31.4 40.2 
           
*
thermally rearranged at 425 °C for 30 minutes 
#
all permeation results were obtained at 35 °C and 3.5 atm 
+












The gas permeability decreases in the following order: H2 (2.89 Å) > CO2 (3.30 Å) > O2 
(3.46 Å) > N2 (3.64 Å) > CH4 (3.80 Å), which is in accordance to their kinetic diameters. 
The CPBOc films show much higher gas permeability as compared to both PBO and 
CPBO films. The permeabilities of all gases through the membranes follow the order: 
CPBOc (90:10)> CPBOc (85:15)> CPBOc (70:30)> CPBOc (95:5)> CPBOc (50:50)> 
PBO> CPBO. CO2 permeability as high as 1539 barrer is obtained for CPBOc (90:10). 
As compared to the PBO film, an increment of 263 % in H2 permeability and 404 % in 
O2 permeability are observed in the CPBOc (90:10) film.  
 
Figure 7.10 plots the gas permeation properties of TR films loaded with different molar 
compositions of the cardo moiety. It can be seen that the increment of gas permeability in 
CPBOc membranes is greatly affected by molar composition of cardo moiety in the 




Figure 7.10: Effect of BisAHPF molar composition on pure gas permeability. 
 
The gas permeation properties of PBO, CPBOc and CPBO membranes can be correlated 
to the characterization results as discussed in the earlier section. The gas permeation 
behavior of the films is closely associated to FFV. The change in FFV as a function of 
cardo moiety molar composition is shown in Figure 7.11. It can be seen that the gas 
permeability change is of the same trend as the FFV change. The addition of cardo 
moiety increases the FFV and hence, increases the available pathways within the 
copolymer matrix for gas permeation. As a result, the gas permeability increases. Since 
the CPBOc (90:10) film shows the highest FFV and reasonably, the CPBOc (90:10) film 
shows the greatest increment in gas permeability. This observation is also consistent with 
the WAXD results (Figure 7.9b) that the CPBOc (90:10) film shows the highest 
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effectively amend the free volume cavities of polymer matrix and result in enhancement 
in gas permeability. 
 
 
Figure 7.11: Effect of BisAHPF molar composition on FFV. 
 
Following the trade-off relationship between selectivity vs. permeability, the 
incorporation of cardo moiety generally decreases the ideal selectivity. The addition of 
cardo moiety from 0 to 10 mole % reduces the CO2/CH4 ideal selectivity from 32 to 24. 
This is due to the fact that the augment of FFV influences the permeation of the larger 
molecule, CH4, more than CO2. For O2/N2, only a slight decrease is observed due to their 
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As illustrated in Figure 7.12, the O2/N2 and CO2/CH4 separation performance of PBO, 
CPBOc and CPBO films display typical trade-off relationship between permeability and 
ideal selectivity. From Figure 7.12b, it is clearly indicated that the presence of cardo 
moiety in the copolymer backbone has resulted in highly-permeable membranes 
surpassing the trade-off lines of CO2/CH4 although drops in gas pair ideal selectivity are 
found. Therefore, CPBOc membranes are potential membrane materials for natural gas 






Figure 7.12: (a) O2/N2 and (b) CO2/CH4 permeation performance of  PBO, CPBOc and 
CPBO membranes compared with Robeson‘s upper bound [19], cPBO= chemically-
imized PBO [16];   PIM= polymers with intrinsic microporosity [20];  PI-g-CD = beta-
cyclodextrin grafted polyimide [21]. 
 
Suppressed plasticization properties of a membrane are essential in industry application. 
Hence, the CO2-plasticization behaviors of thermally rearranged films were investigated. 
Figure 7.13 shows the CO2-plasticization curves of PBO, CPBOc (90:10) and CPBO 
membranes. The films show a similar decline in CO2 relative permeability with 
increasing pressure and there is no evidence of CO2-induced plasticization up to a testing 
pressure of 30 atm. Clearly, the thermally rearranged films with highly rigid structures 
show excellent resistance to plasticization and the film with additional cardo moiety does 




Figure 7.13: CO2 plasticization behavior of thermally cyclized PBO, CPBOc (90:10) and 
CPBO membranes. 
 
7.3.4 Mixed gas 
Table 7.5 shows the separation performance of mixed gas tests conducted using a binary 
feed mixture of 50:50 CO2/CH4 for the CPBOc (90:10) membrane. The decreases in CO2 
and CH4 permeabilities as compared to pure gas tests are mainly attributed to the 
competitive sorption between the two gas species in the feed mixture. The slight 
reduction in selectivity is caused by a greater decrease in CO2 permeability as compared 
to CH4 permeability, which is similar to the separation behavior reported by other study 
on thermally rearranged polybenzoxazole membranes [1]. Clearly, this cardo-
incorporated polybenzoxazole copolymer has a permeability surpassing its homo-
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thermally rearranged at 425 °C for 30 minutes 
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(  ) Pure gas permeability coefficient 
 
7.3.5 Gas sorption and diffusion coefficients 
The sorption test was carried out to provide further understanding of the enhancement in 
gas permeability in cardo copolymer membranes. The solubility coefficients of CH4 and 
CO2 in PBO, CPBOc and CPBO samples are determined. 
 
Table 7.6 compares the gas transport parameters, P, D and S of CH4 and CO2 in TR films 
at 35 °C and 3.5 atm. It can be observed that the increases in permeabilities of CH4 and 
CO2 in CPBOc membranes are attributed to the simultaneous increases in both solubility 
and diffusivity in these materials, while the increase of diffusivity contributes more to the 
overall permeability enhancement. In general, the trends of solubility and diffusivity 
increases are consistent with the earlier results for the gas permeability increases in the 
resultant films. The parameters shown in Table 7.6 also prove that the highest gas 
permeability of CH4 and CO2 in CPBOc (90:10) is ascribed to both solubility and 
diffusivity increases. As shown, the solubility of CH4 in CPBOc (90:10) is 5.6 and 4.8 
times greater than in PBO and CPBO, respectively, while the diffusivity of CO2 in 
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CPBOc (90:10) is 4.8 and 4.4 times greater than in PBO and CPBO, respectively. These 































CH4 CO2 CH4 CO2 CH4 CO2 PCO2/PCH4 SCO2/SCH4 DCO2/DCH4 
PBO 9.2 296 3.81 12.6 0.18 1.79 32.1 3.31 9.94 
CPBOc (95:5) 41.7 1079 4.60 12.5 0.69 6.56 25.9 2.71 9.51 
CPBOc (90:10) 65.0 1539 5.00 13.6 1.00 8.60 23.7 2.72 8.60                      
CPBOc (85:15) 58.7 1306 4.40 13.0 1.01 7.64 22.2 2.95 7.56 
CPBO  9.2 255 3.32 9.86 0.21 1.97 27.7 2.97 9.38 
*   thermally rearranged at 425 °C for 30 minutes 
#
    obtained at 35 °C and 3.5 atm  
+     











**   
experimental data determined at 35 °C and 3.5 atm  
##   




In order to examine the factors affecting the ideal gas selectivity of CO2/CH4 in CPBOc, 
the solubility selectivity, SCO2/SCH4 and diffusivity selectivity, DCO2/DCH4 were calculated 
and compared in Table 7.6. Clearly, the decrease in CO2/CH4 ideal gas pair selectivity in 
CPBOc membranes relative to the PBO and CPBO membranes is a result of decreases in 
both solubility and diffusivity selectivity.  
 
7.4   Conclusions 
An approach to enhance gas permeation properties of thermally rearranged 
polybenzoaxazole membranes is well studied in the present work. The incorporation of 
cardo moiety into polymer chains leads to immense changes in physical properties and 
gas separation properties. The degrees of change are dependent on the molar composition 
of the incorporated cardo moiety. As compared to polybenzoxazole and cardo-
polybenzoxazole films, although decreases in CO2/CH4 and H2/CH4 gas pair selectivity 
were observed, cardo-copolybenzoxazole films with 10 mol% of cardo moiety shows the 
highese fractional free volumes and significant improvement in gas permeation which has 
surpassed the trade-off lines. An increment as high as 420 % in CO2 permeability (~ 1539 
Barrer) with an ideal CO2/CH4 selectivity of 24 was achieved. The characterizations and 
gas permeation results show that overloading or insufficient amount of cardo moiety only 
leads to a minor increment in the fractional free volume.  
 
The gas sorption and diffusion properties in the resultant membranes have been 
determined. The results show that the enhancement in gas permeability of CH4 and CO2 
in cardo-copolybenzoxazole membranes is attributed to the simultaneous increases in 
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both gas solubility and diffusivity in these films. On the other hand, the decrease in 
CO2/CH4 ideal gas pair selectivity in CPBOc membranes is caused by the drops in both 
solubility and diffusivity selectivity. 
 
From these results, it can be concluded that the proposed strategy provides advantages for 
facile alteration of the fractional free volume of TR-PBO polymers to achieve high 
separation performance for pre-combustion and post-combustion CO2 capture in 
industrial applications. In addition, the novel thermally rearranged cardo-copoly-
benzoxazole also shows good potential for several separation processes such as 
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8.1 A short summary of the dissertation 
Thermally rearranged (TR) polymeric membranes are attractive for gas separations due to 
the high permeability and reasonable selectivity. Nevertheless, the exploration of the 
thermal rearrangement process is still at the starting stage. Hence, the research on the 
fundamentals of thermal rearrangement process and the development of TR membranes 
with higher separation performance are essential at present. 
 
In this report, thermal rearrangement of poly(hydroxyamide amic acid) (PHAA), 
polyhydroxyamide (PHA) and ortho-functional polyimide (o-PI) films were investigated 
with a  focus on different aspects including effects of conversion degree, thermal history, 
thermally induced crosslinking, purge environment and copolymerization of cardo moiety. 
The chemical structure changes, thermal stability, mechanical robustness and gas 
transport properties of the resultant membranes were compared and examined 
systematically. 
 
Treatment at different temperatures results in different degrees of chemical structure 
conversion. Generally, the degree of conversion increases with thermal rearrangement 
temperature. Meanwhile, high temperature treatment also induces the alterations in 
thermal history and thermal crosslinking degrees. The higher treatment temperature is 
found to result in significant enlargement of the fractional free volume (FFV) of the TR 
film and accelerated gas diffusion and permeation rates. The characterization results 
show that the augment of the FFV is attributed not only to the higher conversion degree 
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towards benzoxazole, but also to the different thermal history paths and the more 
crosslinked polymer network.  
 
Other factors affecting TR membrane preparation also influence the thermal 
rearrangement process and the properties of the resultant films. Thermally rearranging 
films in air certainly would reduce the cost for membrane preparation. However, the 
results show that the conversion of ortho-functional polyimide (o-PI) to benzoxazole is 
greatly inhibited in air, while the conversion of ortho-functional polyamide (o-PA) is not 
influenced by the purge atmosphere. Though the air-purged o-PI film exhibits better gas 
separation performance, the severe trade-off of the film mechanical strength limits the 
use of air for the thermal rearrangement of o-PI films.  
 
Besides process conditions, design of the precursor structure is always one of the 
effective way to change the properties of the TR polymeric membranes. 
Copolymerization with cardo moiety represents a successful approach to molecularly 
design the polymer structure for improved gas separation performance. However, owing 
to the bulky and rigid features of cardo moiety, an optimal composition of cardo groups 
needs to be achieved for the proper design of polymer structure. 
 
8.2 Conclusions 
8.2.1 The effect of thermal rearrangement temperature 
Poly(hydroxyamide amic acid) (PHAA) and polyhydroxyamide (PHA) were used to 
study the effect of thermal rearrangement temperature. The PHAA films were treated at 
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five different temperatures (200 C, 220 C, 300 C, 350 C and 400 C). It is noticed 
that the conversion degree increases with treatment temperature. The PHAA films 
experienced stepwise changes as thermal treatment temperature increased. At a treatment 
temperature lower than 300 C, the hydroxyamide was converted to benzoxazole and the 
hydroxyamic acid was cyclized to hydroxyimide structure; at a temperature higher than 
300 C, the formed hydroxyamide reacted intra-molecularly and it was converted to 
benzoxazole. The conversion towards benzoxazole structure has achieved 90% in the film 
thermally rearranged at 400 C for 2 h. The fractional free volume (FFV) was 
significantly enlarged in the film with higher conversion degree and consequently, the 
gas permeability increased significantly in the film treated at the elevated temperature, 
while the selectivity only drops reasonably. PALS results reveal that the FFV exhibit 
bimodal distribution in the film treated at high temperature. This indicates that the larger 
free volume contributes to the improved permeability and the smaller free volume help 
remain the selectivity by effectively discriminating gas molecules with different kinetic 
diameters. 
 
Elevated temperatures including 300 C, 350 C, 400 C and 450 C were used to treat 
polyhydroxyamide (PHA) films. XPS analyses show that similar degrees of conversion at 
90% were attained in the resultant films, regardless of the thermal rearrangement 
temperature. However, the FFV and gas permeability increased notably in the film treated 
at higher temperature. The sudden quenching of the film from rubbery state at high 
treatment temperature could freeze additional voids, which contributes to the increase of 
FFV. On the other hand, based on the TGA and TGA-IR results, it was proposed that the 
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amide linkage was cleaved by the water molecules released during thermal rearrangement 
and decarboxylation reaction took place at the end –COOH groups. The thermal 
crosslinking reaction resulted in network within the polymer matrix. This would inhibit 
the free rotation of polymer chains and as a result, also help retain the additional FFV. 
The dual-mode sorption analyses further indicated that the increase in FFV is mainly 
ascribed to augmenting the Langmuir capacity. 
 
Based on the systematic studies on PHAA and PHA films, it can be concluded that the 
thermal rearrangement temperature could directly influence the conversion degree, 
thermal history and thermal crosslinking. The fractional free volume will increase in the 
film thermally rearranged at a higher temperature. The gas permeability follows the same 
trend of the changes of the fractional free volume.  
 
8.2.2 The effect of purge environment for thermal rearrangement 
Two purge atmospheres, nitrogen and air, were used to conduct thermal rearrangement of 
ortho-functional polyamide (o-PA) and ortho-functional polyimide (o-PI). The 
characterization results and gas permeation properties show that the introduction of 
oxygen does not affect the thermal rearrangement of the o-PA film, while it affects the 
thermal stability of the derived polybenzoxazole films and the thermal crosslinking 
mechanism. The o-PA film treated in air at 425 C (higher than TR temperature) shows 
higher permeability but weak mechanical strength. The conversion of the o-PI films is 
strongly inhibited in air.  No obvious endothermic peak appears in the DSC curve done in 
air, which indicates that the conversion degree from imide to benzoxazole is much lower. 
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The TGA and XPS analysis further prove that most of the imide groups were not 
converted to benzoxazole structure; instead, imide groups experienced rapid degradation 
and formed imine structure in air. Though the air-purged films (for both o-PA and o-PI 
films) show better gas separation performance, the deteriorated mechanical strength of 
the resultant films are concerned in the real application. 
 
8.2.3 The effect of incorporation of cardo moiety 
A series of ortho-functional cardo-copolyimide with different cardo compositions (0 %, 
5%, 10%, 15%, 30%, 50% by mol) were synthesized and the films were thermally 
rearranged at 425 C and studied for gas separation. The films obtained from the 
copolyimide film with 10 mol% of cardo bisaminophenol exhibits the most favorable 
performance with CO2 permeability of 1539 Barrers and CO2/CH4 selectivity of 23.7. 
The incorporation of cardo diamine does not significantly influence the degree of 
conversion as indicated by the XPS analyses. However, the change in glass transition 
temperature (Tg) indicates the cardo moiety alters the polymer chain rigidity, which is 
very critical for the intra-chain reaction between imide group and the ortho-positioned 
group. The Tg of the copolyimide film with 10 mol% of cardo diamine is the lowest. 
After thermal rearrangement, the film with 10 mol% of cardo moiety exhibits the largest 
FFV. It is presumed that the cardo group could cause steric repulsion between the 
polymer chains. An optimal amount of cardo group can effectively adjust the repulsion of 
the adjacent cardo groups that twist the cardo-loops out of plane. This gives rise to the 
enlarged FFV. However, the excess amount of bulky cardo moiety would result in the 
significant amount of occupation of the available cavities and consequently, the 
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enlargement of FFV was counterbalanced. Overall, the copolymerization with cardo 
diamine represents a facile approach to effectively improve the gas separation 
performance of TR polymers.  
 
8.3 Recommendations 
8.3.1 Aging and plasticization characteristics of TR thin films 
Thermally rearranged (TR) polymeric membranes exhibit favorable gas separation 
performance and good membrane stability. But most of the researches in literature use 
dense TR thick films (30 -100 µm) to investigate the intrinsic separation performance. In 
order to get a high gas permeation rate, the film needs to be thin enough (~100 nm) in 
industry application. Many previous reports have shown that thin films and thick films 
behave very differently, though a definitive explanation from polymer physics is still 
unavailable [1-8]. It is found that a free-standing polymer thin film ages at a much 
accelerated rate than the thick film [1, 2, 4, 6]; in addition, the thin film undergoes more 
rapid and extensive plasticization with the exposure to CO2 [9-11]. Since the TR polymer 
membrane shows good potential for industry use, its aging and plasticization 
characteristics are of great interest.  
 
Thin film aging can be tracked by both gas permeation properties of the non-condensable 
gases and optical properties of the film [1, 12, 13]. Pure gas permeation properties is a 
good measurement to intrinsic changes in the thin film, while mixed gas permeation tests 
reflects more close approximation to the real case. Thus, both pure gas and mixed gas 
permeation tests should be conducted to monitor the aging behavior of TR thin films. 
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Ellipsometry is a useful tool to obtain refractive index of a thin film. The change of 
refractive index as a function of aging time will provide valuable information about TR 
thin film aging. Furthermore, since the brittleness of the TR thin film won‘t be critical in 
an ellipsometry measurement, it is expected that the ellipsometry experiment will give 
more insights to the aging phenomenon of TR ultrathin films (< 100 nm). 
 
CO2 exposure experiment with properly designed protocols can be used to investigate the 
plasticization characteristic of TR thin films [10, 11, 14]. The experiments include the 
measurement of plasticization curve, the short-term experiment by holding the thin film 
at different pressures for certain duration and the long-term experiment by continuously 
exposing the thin film to CO2 at 32 atm for a long period. Besides, different condensable 
gases such as propane, ethylene, etc also can be used for plasticization tests. Horn et al. 
and Cui et al. reported that CO2 sorption could plasticize  the free volume and increase 
polymer chain mobility which in turn accelerate physical aging [9, 10, 14]. Thus, results 
obtained with gases of different condensability will provide some qualitative information 
about the relationship between plasticization and physical aging. 
 
In the experiment, thin film and thick film properties should be compared. Thermal 
rearrangement temperatures, durations and TR precursor structures can be varied for a 
systematic study. Currently, the study is being carried in our lab and significant 
differences between thin films and thick films have been observed.  
 
8.3.2 Fabrication of hollow fibers by using cardo-copolyimide 
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As discussed in Chapter 7, the TR film derived from cardo-copolyimide with 10 mol% of 
cardo bisaminophenol outperforms most of the TR films. Thus, it would be valuable to 
fabricate hollow fibers by using this cardo-copolyimide polymer.  
 
Since the monomers used are expensive, fabrication of dual-layer hollow fibers would be 
more economical. Dual-layer hollow fibers are usually comprised of a selective outer 
layer fabricated from the target material and a support porous inner layer made from a 
cheaper polymer. However, since the thermal rearrangement of cardo-copolymer takes 
place at a temperature above 300 C, the inner material must have high thermal stability. 
Most of the polymers become instable at around 300 C. Thus, it is recommended that the 
same cardo-copolyimide should also be used as the inner layer material. Though the same 
material is applied in both outer layer and inner layer, the overall consumption of the 
polymer material for dual-layer configuration is still lower as compared to the single 
layer hollow fiber fabricated from the same material [15]. In addition, the use of the same 
material also reduces the chance of delimitation at the interface between two layers and 
decreases the sub-structure resistance. Thus, the fabrication of dual-layer hollow fiber by 
using high performance cardo-copolyimide polymer would be valuable experience 
towards the industrialization of TR membranes for separation industry.  
 
8.3.3 Metal-Organic Framework (MOF)/TR polymer mixed matrix membrane 
The design and application of MOF-based material is a hot topic in recent years. Owing 
to the high sorption capacity and selectivity, porous MOF particles have been widely 
examined in many gas separation processes such as H2 storage, CO2 capture and so on 
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[16-19]. In order to take advantage of the high solubility of gases in MOF particles, the 
incorporation of MOF particles into TR polymer may further improve the separation 
performance of TR membranes.  
 
As mentioned, thermal rearrangement is triggered at high temperature. Thus, a thermally 
stable MOF particle is essential for the fabrication of the mixed matrix membrane. One 
type of MOFs, the so-called Zeolitic Imidazolate Framework (ZIF) particles, usually 
shows good thermal stability up to around 500 C [20]. Thus, ZIF particles are suggested 
as the filler.  
 
The ligand structure, metal salt and synthesis conditions determine the characteristics of 
the ZIF particle. For a mixed matrix membrane, the good affinity between a ZIF particle 
and polymer is of paramount importance in affecting the gas separation performance. 
Besides the affinity, the large pore size, aperture size, 3D structure flexibility and rigidity 
of a ZIF particle should also be considered for the choice of a proper ZIF particle.  
 
8.3.4 The effect of film thickness on thermal rearrangement 
The conversion of ortho-functional polyimide or polyamide to polybenzoxazole involves 
the release of volatile compounds (CO2, H2O, etc). This is similar to the carbonization 
process of a film. Carbonization of a polymer film is thickness dependent because the 
shrinkage and opening of pores during carbonization influence the diffusion rate of the 
volatile compounds [21, 22]. In thermal rearrangement, no pore is generated; however, 
there is free volume augmentation and polymer chain twisting. Therefore, it would be 
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valuable to explore whether film thickness affects thermal rearrangement process. Since 
the carbonization of thick films generates films with an asymmetric structure, it is also 
postulated that the TR film may be of the similar asymmetric structure. Currently, this 
study is undergoing in our lab by monitoring the degradation rate of a series films with 
different thicknesses (50 nm to 50 µm).  
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